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Epithelial  cells  from  the  dorsum  of  an  Axolotl  tadpole,  showing  range  of  contrast  control  for 
unstained  tissue  with  Spencer  phase  microscope.  500 X.  A,  brightfield;  B,  darkfield.  C-D, 
low  and  medium  B—  dark-contrast  phase.  E-G,  low,  medium,  and  high  A—  dark-contrast 
phase.     H-J,  low,  medium,  and  high  A-|-    bright-contrast  phase.     Note  details  at  arrows. 
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PREFACE 

The  announcement  of  the  microscopic  appHcation  of  the  pT 
trast  method  by  Professor  F.  Zernike  in  1935  marked  the  beginning  of 
new  and  outstanding  progress  in  the  field  of  microscopy.  The  phase 
contrast  procedure  has  made  possible  the  microscopy  of  an  important 
class  of  materials  that  could  not  be  satisfactorily  examined  with  previ- 
ously existing  microscopic  methods.  In  the  early  stages  of  the  wide- 
spread, international  development  of  the  phase  technic  the  authors  of 
this  book  began  their  investigations  which  resulted  in  significant  con- 
tributions to  the  theory,  instrumentation,  and  application  of  this  highly 
effective  procedure.  Concurrently  and  independently,  scientific  workers 
in  several  countries  were  also  making  important  advances  in  the  technic 
of  phase  microscopy. 

The  aim  of  this  book  is  to  present  the  results  of  these  investigations 
to  the  numerous  microscopists  engaged  in  scientific  and  technical  work 
so  that  they  can  advantageously  apply  phase  microscopy  to  their  wide 
variety  of  problems.  The  possibilities  of  the  phase  method  have  been 
found  to  be  so  extensive  that  we  believe  that  practically  every  micros- 
copist  will  find  some  suggestions  in  this  book  which  will  be  of  value. 

In  presenting  this  material  the  authors  have  individually  written  the 
various  chapters.  In  each  of  these  chapters  the  subject  matter  relates 
to  the  specific  type  of  investigation  in  which  the  author  concerned  has 
been  engaged.  It  is  hoped  that  any  resulting  non-iniiformity  in  style 
of  presentation  will  be  amply  offset  by  a  corresponding  gain  in  authentic- 
ity. The  writer,  however,  being  concerned  with  the  more  general  aspects 
and  correlations  of  the  problems  of  this  subject,  contributed  Chapter  I, 
wherein  is  indicated  the  place  of  the  phase  method  in  the  general  scope 
of  microscopy.  Another  purpose  of  Chapter  I  is  to  give  the  reader  a 
simplified  but  basic  insight  into  the  optical  principles  involved  in  the 
attainment  of  the  results  unique  to  phase  microscopy. 

The  section  of  this  book  relating  to  theory  was  prepared  by  Dr. 
Harold  Osterberg.  The  theoretical  considerations  given  in  Chapter  II 
provide  the  reader  with  a  statement  of  the  elementary  theory  of  phase 
microscopy.  This  material  has  been  simplified  so  as  not  to  be  beyond 
the  ability  of  the  reader  of  moderate  mathematical  attainment,  yet  it  is 
intended  to  be  sufficiently  precise  to  be  of  use  to  the  microscopist  who 
wishes  to  gain  a  theoretical  understanding  of  the  principles  involved  in 
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the  application  of  the  phase  microscope.  In  addition.  Chapter  II  will 
guide  the  microscopist  in  selecting  those  instrumental  conditions  which 
provide  the  most  efficient  results  under  a  wide  variety  of  conditions  of 
the  microscopic  specimen. 

In  the  Appendix  (Chapter  VII)  Dr.  Osterberg  presents  a  detailed 
mathematical  treatment  of  the  diffraction  theory  of  image  formation 
in  the  phase  microscope  when  used  in  conjunction  with  the  commonly 
used  Kohler  method  of  illumination.  This  diffraction  theor}^  is  treated 
in  its  entirety  in  the  Appendix  because  it  is  a  subject  in  which  the  special- 
ist in  physical  optics  rather  than  the  microscopist  will  probably  be 
chiefly  interested. 

The  instrumentation  necessary  for  the  application  of  phase  micros- 
copy is  described  by  Dr.  Helen  Jupnik  in  Chapter  III.  The  functions 
and  properties  of  the  various  elements  of  the  phase  microscope  are 
described.  An  important  part  of  this  chapter  from  the  point  of  view  of 
the  microscopist  is  the  description  of  the  necessary  alignment  and 
adjustment  of  the  microscope  so  that  the  most  satisfactory  and  meaning- 
ful images  can  be  obtained.  The  comparison  of  the  salient  features  of 
the  phase  microscope  equipment  supplied  by  different  manufacturers 
indicates  the  substantial  progress  which  has  been  made  by  these  manu- 
facturers in  their  efforts  to  provide  the  microscopist  with  suitable, 
adequate,  and  available  instrumentation.  The  most  recent  technics, 
marking  the  borderline  between  commercially  available  and  non- 
available  equipment,  are  described  in  the  latter  part  of  Chapter  III. 
This  material  is  intended  to  give  the  reader  an  idea  of  the  present 
frontier  of  developments. 

Chapters  IV,  V,  and  VI  were  written  by  Dr.  Oscar  W.  Richards,  who 
has  made  an  extensive  investigation  of  the  applications  of  phase  micros- 
copy in  the  fields  of  biology,  medicine,  and  industry.  These  chapters 
deal  comprehensively  with  the  practice  of  phase  microscopy,  and  illus- 
trate by  numerous  and  typical  examples  the  wide  extent  of  successful 
applications  of  the  phase  procedure.  For  these  examples  the  older 
microscopic  methods  are  found  to  be  insufficient. 

The  great  quantity  of  research  work  relating  to  the  subject  of  phase 
microscopy  since  its  comparatively  recent  inception  is  shown  by  the 
extensive  bibliography. 

During  the  course  of  their  phase  microscope  investigations,  extending 
over  a  period  of  nine  years,  the  authors  have  fortunately  received 
suggestions  and  active  encouragement  from  so  many  people  that  it  is 
impossible  to  express  here  our  deep  gratitude  to  all  of  them  individually. 
In  particular,  we  wish  to  acknowledge  with  thanks  the  kind  cooperation 
of  Dr.  George  O.  Gey,  of  the  Johns  Hopkins  School  of  Medicine,  who 
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greatly  encouraged  us  at  an  early  stage  of  our  work  with  his  favorable 
observations  of  living  cancer  cells  by  means  of  our  initial  phase  micro- 
scopic equipment.  We  wish  to  express  our  indebtedness  to  Mr.  Bryant 
Glenny,  Jr.,  General  Manager  of  the  Instrument  Division,  American 
Optical  Company,  Buffalo,  New  York,  for  his  encouragement  through- 
out our  investigations.  This  work  would  have  been  incomplete  without 
the  cooperation  of  many  of  the  world's  outstanding  makers  of  micro- 
scopes and  allied  equipment.  These  manufacturers  have  kindly  sup- 
plied the  illustrations  of  commercially  available  phase  microscopes. 
Accordingly,  the  authors  wish  to  express  their  thanks  and  deep  obliga- 
tions to  the  American  Optical  Company,  Bausch  and  Lomb  Optical 
Company,  Cooke,  Troughton  and  Simms,  Ltd.,  Henry  Wild  Surveying 
Instruments  Supply  Company,  Ltd.,  Winkel-Zeiss,  Officine  Galileo, 
Koristka,  and  C.  Reichert  Optical  Works  for  their  permission  to  use  the 
illustrations  of  the  equipment. 

Alva  H.  Bennett 
Director  of  Research 
Research  Laboratory 
American  Optical  Company 
Stamford,  Connecticut 
August,  1951 
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CHAPTER   I 


INTRODUCTION   TO 
PHASE   MICROSCOPY 


1.  SEEING  MICROSCOPIC  PARTICLES 

The  microscope  is  commonly  described  as  an  instrument  used  for 
seeing  small  objects.  This  definition  leaves  more  unsaid  than  said. 
What  do  we  mean  by  seeing  small  objects?  The  human  eye  sees  because 
of  two  properties  of  the  light  entering  the  eye  from  the  objects  seen. 
The  eye  recognizes  only  differences  in  brightness  and  differences  in  color. 
Visual  images  are  based  on  these  two  properties  and  no  other.  Differ- 
ences in  brightness  of  different  objects  or  their  component  parts  give 
rise  to  brightness  contrast;  differences  in  color  cause  color  contrast. 
Almost  all  our  knowledge  of  observed  scientific  phenomena  is  based  on 
our  ability  to  see.  No  matter  how  simple  or  how  complicated  is  the 
physical  apparatus  used  in  making  our  observations,  the  final  presenta- 
tion of  results  must  be  in  a  form  that  can  be  seen.  These  results  may 
be  scale  readings,  graphs  in  one  or  more  colors,  or  direct  images  as  in  the 
microscope.  But  they  all  appear  to  the  human  eye  as  brightness  or 
color  contrast  in  the  objects  viewed.  Brightness  is  a  function  of  the 
amplitude  of  the  vibrations  of  light  waves  proceeding  from  the  objects 
viewed.  Hence,  brightness  contrast  might  be  called  amplitude  contrast. 
Color  depends  on  the  wavelength  of  the  light  entering  the  eye.  Physi- 
cally, then,  the  eye  is  responsive  only  to  the  amplitudes  and  wavelengths 
of  light.  As  will  be  brought  out  later  we,  as  microscopists,  might  be 
tempted  under  certain  conditions  to  wish  that  the  eye  were  sensitive  to 
some  of  the  other  physical  properties  of  light. 

The  microscope,  more  broadly,  can  be  considered  an  instrument  that 
utilizes  the  action  of  a  specimen  on  the  probing  illumination  supplied  to 
it  for  the  purpose  of  our  gaining  knowledge  of  the  specimen  through 
visual  impressions.  We  are  interested  in  several  properties  of  the  speci- 
men, such  as,  for  example,  size,  shape,  and  density  of  its  details.  If  the 
only  properties  in  which  we  were  interested  were  light  absorption  or 
selective  absorption,  giving  rise  to  brightness  and  color  contrasts,  the 
microscopical  problem  would  remain  simple.  But  we  are  interested  in 
other  properties,  and  we  must  by  some  instrumental  means  cause  these 
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other  properties  to  reveal  themselves  as  brightness  or  color  contrasts. 

The  improvement  of  microscopes  since  their  invention  about  350  years 
ago  has  proceeded  along  two  general  lines,  both  of  which  have  been 
necessary.  First,  there  has  been  improvement  of  the  instrument  itself 
in  order  to  make  it  a  better  and  more  convenient  image-forming  appa- 
ratus. Thus  more  effective  forms  of  illumination  have  been  developed, 
such  as  lamps  and  condensers.  The  microscope  objectives  and  eyepieces 
have  been  improved  by  optical  designers  to  provide  sharper  images  and 
improved  resolving  power.  Microscope  designers  of  the  past  and  present 
have  been  notably  successful  in  these  aims,  and  they  are  still  attempting 
to  make  the  microscope  a  more  nearly  perfect  optical  instrument  for 
gaining  the  nearest  possible  approach  to  "point-for-point"  imagery,  that 
is,  to  obtain  the  image  that  most  nearly  reproduces  the  brightness  and 
color  differentiations  of  the  object  specimen  with  greatest  fidelity.  We 
have  microscopes  which,  at  least  o\'er  the  central  portion  of  the  field  of 
view,  achieve  the  full  resolving  power  considered  attainable  from  theory 
based  on  the  wavelength  of  light. 

The  above-mentioned  line  of  progress  does  not  depend  on  the  specimen 
and  its  peculiar  optical  properties.  The  second  approach  in  the  improve- 
ment of  the  microscope  is  to  consider  the  specimen  as  an  essential  part 
of  the  optical  system  and,  as  it  were,  to  build  the  microscope  around  the 
specimen.  To  be  sure,  this  results  not  in  simplification  of  the  microscope 
as  an  instrument  but  rather  in  greater  diversification. 

Let  us  consider  what  optical  properties  of  the  specimen  are  to  be 
"seen"  in  order  that  profitable  information  regarding  its  details  may  be 
acquired.  The  ordinary,  conventional  microscope  is  without  rival  for 
observing  areas  of  light  absorption  and  color  differences  in  specimens. 
The  darkfield  microscope  is  designed  to  reveal  particles  by  virtue  of 
their  property  of  scattering  light.  Details  that  polarize  the  light  or  have 
birefringence  are  revealed  with  the  polarization  microscope.  If  a  speci- 
men fluoresces  under  the  action  of  radiation  a  fluorescence  microscope 
is  used.  But  a  common  property  of  all  these  microscopes  is  the  forma- 
tion of  an  image  in  terms  of  brightness  or  color  contrasts  which  the  eye 
is  capable  of  observing  or  which  can  be  converted  into  an  observable 
image. 

Until  the  invention  of  the  phase  microscope  no  very  useful  means  were 
available  for  observing  differences  in  optical  path  in  a  specimen.  Optical 
path  is  the  linear  path  of  light  through  a  transmitting  medium  multi- 
plied by  the  index  of  refraction  of  the  medium.  Refractive  index  in  a 
microscopic  specimen  depends  upon  the  specimen's  physical  and  chemi- 
cal properties.  Optical  path  differences  may  arise  from  differences  in 
either  refractive  index  or  thickness  or  a  combination  of  both.     The 
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details  of  many  biological  and  industrial  specimens  are  characterized  by 
differences  in  refractive  index  rather  than  by  differences  in  light  absorp- 
tion. Under  an  ordinary  microscope  such  details  are  invisible,  unless 
the  aperture  of  the  condenser  or  objective  is  made  so  small  that  the 
resolving  power  suffers  a  serious  deterioration  with  resultant  loss  in 
the  observer's  ability  to  interpret  what  he  sees. 

Light  can  be  considered  a  form  of  wave  motion  consisting  of  sinusoidal 
waves.  When  a  light  w^ave  traverses  a  medium  of  different  optical  path 
the  phase  of  the  light  wave  is  altered.  This  alteration  may  be  visualized 
as  simply  a  displacement  of  the  wave  in  its  direction  of  propagation. 
If  a  microscopic  specimen  contains  details  that  differ  from  each  other  in 
optical  path,  the  phase  of  that  portion  of  the  illuminating  wave  front 
passing  through  the  detail  is  changed.  If  a  microscope  can  delineate 
change  of  phase  as  a  change  in  brightness  or  color,  the  eye,  photographic 
plate,  or  photocell  will  be  able  to  detect  the  microscopic  areas  causing 
the  phase  changes.  The  phase  microscope  does  this,  and  it  makes 
available  another  type  of  microscope  specifically  designed  to  utilize  a 
particular  optical  property  of  the  specimen. 

2.  HISTORICAL  BACKGROUND 

The  formation  of  images  in  the  microscope  is  an  effect  of  the  diffraction 
of  light.  In  this  connection  the  classical  experiments  of  Abbe  are 
y3rought  to  mind.  In  these  experiments  are  found  the  first  reported 
facts  on  the  effect  of  introducing  phase  changes  on  light  waves  within 
the  optical  system  of  the  microscope.  Abbe,  according  to  Bratuscheck 
(1892),  introduced  glass  wedges  into  the  rear  focal  plane  of  the  micro- 
scope objective  and  thereby  changed  the  phase  relationships  existing 
between  the  diffraction  spectra  produced  by  a  grating,  having  opaque 
lines,  which  was  used  as  the  microscopic  specimen.  He  found  that  the 
contrast  between  the  lines  and  their  spaces  could  be  reversed  when  he 
introduced  a  phase  difference  of  180°  between  the  light  waves  composing 
the  zero-  and  first-order  diffraction  spectra.  Later  Bratuscheck  in- 
troduced absorbing  strips  of  soot  at  the  back  focal  plane  of  the  micro- 
scope objective  to  weaken  the  brightness  of  the  zero-order  spectrum. 
As  an  object  specimen  he  used  alternate  clear  and  slightly  absorbing 
strips  of  soot.  The  strips  of  soot  were  so  lightly  coated  that  they  were 
almost  transparent  and,  hence,  difficult  to  see  with  the  ordinary  micro- 
scope. By  means  of  the  above-mentioned  absorbing  plate  in  the  rear 
focal  plane  of  the  objective,  the  visibility  of  the  strips  was  greatly  en- 
hanced. Thus,  he  proved  that  by  weakening  the  zero  order  of  the 
diffraction  spectra  of  this  nearly  transparent  specimen  the  contrast  in 
the  image  could  be  increased.     Not  only  was  Bratuscheck  able  to  in- 
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crease  the  contrast  of  the  specimen;  he  also  actually  reversed  it,  causing 
the  light  strips  to  appear  darker  than  the  coated  ones.  This  was  done 
by  replacing  the  specimen  strips  of  soot  with  thin  strips  of  platinum. 
Bratuscheck  pointed  out  that  by  substituting  platinum  for  soot  he 
slightly  changed  the  phase  of  the  light  which  had  passed  through  the 
platinum  lines  with  respect  to  the  phase  of  the  light  passing  through  the 
open  spaces  between.  These  observations  were  made  before  1892  at  the 
time  when  Abbe  was  much  concerned  with  establishing  the  diffraction 
theory  of  image  formation  in  the  microscope,  and  they  were  aimed  to 
substantiate  such  knowledge.  It  is  certain  that  they  did  not  find  their 
way  into  practical  applications  of  the  microscope. 

In  outlining  the  earlier  experiments  and  theoretical  considerations 
which  form  a  background  for  the  subject  of  phase  microscopy  the  work 
of  A.  E.  Conrady  and  J.  Rheinberg  should  be  included.  In  1905 
Conrady  published  experimental  results  showing  that  a  phase  reversal 
exists  in  different  orders  of  diffraction  spectra  produced  by  the  light 
diffracted  by  specimens  in  the  form  of  gratings.  As  will  be  shown  later, 
this  is  an  important  fact  in  phase  microscopy.  Rheinberg  (1905)  used 
a  grating  in  which  the  slits  were  twice  as  wide  as  the  bars.  He  screened 
off  all  the  spectral  orders  except  the  first-  and  second-order  spectra  on 
one  side  and  showed  a  complete  reversal  of  contrast,  providing  an 
example  of  contrast  control  in  the  image  by  gaining  control  of  phase  in 
the  diffraction  spectra  through  proper  selection  of  these  spectra. 

It  is  to  Professor  F.  Zernike,  of  the  University  of  Groningen,  that  we 
are  indebted  for  the  first  application  of  phase  contrast  principles  to  the 
microscope  and  for  an  explanation  of  these  principles.  Zernike's  first 
published  work  (1934)  on  this  subject  showed  the  advantage  of  the  phase 
contrast  method  over  the  familiar  knife-edge  method  in  testing  the 
quality  of  optical  systems.  In  the  same  year,  C.  R.  Burch  (193-4) 
published  his  results  on  the  experimental  application  of  the  then-new 
Zernike  method  to  the  evaluation  of  defects  in  concave  reflecting  mirrors. 
This  original  application  and  its  later  important  incorporation  in  micro- 
scopes appear  as  a  logical  step  when  we  consider  that  errors  in  optical 
systems  and  concave  mirrors  are  detrimental,  because  they  impress 
unwanted  differences  in  the  paths  of  various  portions  of  the  transmitted 
or  reflected  light  wave,  and  that  in  the  testing  of  such  systems  it  is  es- 
sential to  observe  and  evaluate  these  path  differences.  In  a  somewhat 
similar  manner,  in  phase  microscopy  the  structures  within  the  specimen 
impress  path  and,  consefjuently,  phase  differences  that  we  wish  to  detect 
visually  and  localize  within  the  specimen. 

In  1935  Zernike  discussed  the  application  of  the  phase  contrast  method 
to  microscopy,  although  patent  rights  granted  to  the  firm  of  Carl  Zeiss 
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indicate  that  Zernike  realized  the  importance  of  the  phase  contrast 
method  in  microscopy  as  early  or  earlier  than  1932.  However,  it  was 
not  until  1941  that  Kohler  and  Loos,  of  the  firm  of  Carl  Zeiss,  published 
a  paper  showing  the  results  of  their  extensive  and  convincing  experiments 
with  the  Zernike  method.  The  pul)lication  of  this  paper  stimulated  much 
interest  in  the  method,  especially  among  those  concerned  with  the  design 
of  microscopes.  Burch  and  Stock  (1942)  described  their  experiments 
with  a  slit-shaped  light  source  and  an  accelerating  Zernike  strip  in  the 
back  focal  plane  of  the  microscope  objective.  This  system  had  the  merit 
of  ease  of  construction,  but  manufacturers  have  adopted  the  ring  form 
of  substage  annulus  and  Zernike  strip  because,  as  pointed  out  by  Kohler 
and  Loos,  this  form  of  phase  plate  with  its  complete  axial  symmetry 
introduces  practically  no  undesirable  lack  of  symmetry  into  the 
image. 

Although  the  possibility  is  mentioned  by  Kohler  and  Loos,  it  is  interest- 
ing to  note  that  the  earlier  experiments  with  phase  contrast  microscopy 
show  no  indications  of  the  use  of  absorbing  material  in  the  Zernike  strip 
until  Zernike  (1942)  published  photomicrographs,  at  least  one  of  which 
was  taken  with  a  strongly  absorbing  phase  strip. 

The  image  produced  by  a  microscope  cannot  duplicate  the  object 
specimen  completely.  This  inability  arises  largely  from  the  finite  wave- 
length of  light  (or  other  electromagnetic  radiation)  and  the  limited 
numerical  aperture  of  the  optical  system.  Hence,  the  microscopist  may 
encounter  optical  images  that  may,  unless  properly  interpreted,  give 
incorrect  information  regarding  the  size,  shape,  and  uniformity  of  micro- 
scopical specimens.  When  a  new  method  of  microscopy  is  under  trial, 
the  question  of  interpretation  of  the  image  becomes  important.  Phase 
microscopy  offered  no  exception  to  the  requirement  of  interpretation 
(Anon.,  1934).  The  phase  method  reached  its  present  wide  acceptance 
only  after  careful  theoretical  and  experimental  studies  of  the  correct 
interpretation  had  been  made.  The  theoretical  considerations  and  ex- 
perimental results  presented  in  subseciuent  chapters  indicate  that 
images  produced  by  phase  microscopy  are  not  more  difhcuJt  to  interpret 
than  those  produced  by  other  methods  of  microscopy.  In  practice,  by 
means  of  a  series  of  phase  microscope  objectives,  different  views  of  the 
specimen  can  be  obtained,  each  adding  to  the  composite  information 
obtainable  regarding  the  specimen. 

3.  OPTICAL  FUNDAMENTALS 

This  chapter  will  not  present  in  detail  the  theory  on  which  phase 
microscopy  is  based.  In  later  chapters  and  in  the  Appendix  may  be 
found  a  detailed  mathematical  presentation  of  this  subject.     However, 
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for  those  who  wish,  a  readily  understandable  explanation  ^vill  be  given 
here. 

Phase  microscopy  is  based  on  the  effect  of  the  combining  of  light  waves. 
The  properties  of  these  waves  on  which  phase  microscopy  depends  are 
amplitude  and  phase.  Let  us  consider  a  small,  transparent  specimen 
located  on  the  optical  axis  of  the  microscope  optical  system.  We  will 
assume  that  this  specimen  is  an  ideal  one  for  phase  microscopy.  Hence, 
we  will  embed  this  specimen  in  a  medium  having  almost  the  same  index 
of  refraction  as  the  specimen.     As  the  specimen  is  transparent  it  will 


P  =  D  +  S 


Fig.  I.l.     Retardation  of  a  light  wave  by  a  particle  (P)  of  greater  index  of  refraction 

than  its  surround  (S). 


differ  from  the  surrounding  medium  in  only  one  particular,  i.e.,  in  re- 
fractive index,  and  this  difference  gives  rise  to  a  slight  difference  in 
optical  path  between  the  specimen  and  its  surroundings.  Let  us  think 
of  a  single  light  wave  incident  on  the  specimen  and  its  surrounding 
medium.  In  Fig.  LI  the  sine  curve,  S,  represents  the  light  transmitted 
by  the  surround;  P  is  the  wave  transmitted  by  the  particle.  If  the 
particle  has  a  slightly  higher  index  of  refraction  than  that  of  the  sur- 
round, the  wave  after  transmission  through  the  particle  is  retarded,  or, 
in  other  words,  a  small  phase  difference  is  introduced  between  the  waves 
S  and  P.  This  phase  difference  is  represented  as  a  slight  displacement 
of  the  two  sine  curves  along  the  horizontal  axis  in  the  appropriate 
direction.  We  may  now  determine  just  how  the  curve  P  differs  from 
the  curve  S  by  subtracting  *S  from  P.     It  is  found  that  the  difference  is 
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the  sine  curve  D,  which  is  almost  exactly  3^  wavelength  out  of  phase 
with  the  curve  S,  provided  that  the  retardation  of  P  is  small.  D 
represents  the  light  deviated  by  diffraction  at  the  specimen.  The  light 
represented  by  S  acts  as  if  no  specimen  were  present;  i.e.,  it  is  undevi- 
ated.  *S  and  D  represent  the  two  waves  entering  the  microscope 
objective.  If  we  were  to  obstruct  S  by  blocking  it  off  in  the  objective 
lens  system,  we  would  have  simply  darkfield  illumination;  if  we  were 
to  obstruct  D  and  let  *S  through,  we  would  have  no  detailed  imagery 


Fig.  1.2.     Deviated  ray  retarded  by  34  wavelength. 


of  the  specimen.  Microscopic  images  in  general  are  obtained  by  allow- 
ing both  the  undeviated  wave,  S,  and  the  deviated  (by  diffraction) 
wave,  D  (Fig.  1.2),  to  pass  through  the  microscope  objective  and  inter- 
fere in  the  neighborhood  of  the  geometrical  image  of  the  particle  formed 
by  the  objective.  Here  the  waves  D  and  8  recombine  and  form  the 
wave  P.  The  image  of  the  surround  is  formed  by  the  wave  S.  Since 
the  amplitudes  of  S  and  P  are  equal,  because  the  specimen  is  transparent, 
there  is  no  contrast  between  the  image  of  the  particle  and  its  background, 
and  the  particle  is  invisible.  This  situation  is  characteristic  of  the  ordi- 
nary microscope. 

Now,  if  we  can  change  the  phase  of  D  with  respect  to  S  so  that  *S  and 
D  are  either  in  exactly  the  same  phase  or  3^  wavelength  out  of  phase,  we 
can  obtain  striking  contrast  between  the  specimen  and  its  background. 
That  this  shift  in  phase  can  be  accomplished  by  artificial  means  will 
be  shown  presently.  Figure  1.3  represents  the  combination  of  the  waves 
D  and  ^S  when  the  phase  of  D  has  been  advanced  (or  that  of  *S  retarded) 
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by  3<^  wavelength.  Here  it  can  be  seen  that  the  amphtude  of  Z)  +  S, 
representing  the  Hght  in  the  image  of  the  particle,  is  considerably  greater 
than  that  of  S,  the  background  light,  and  the  particle  will  appear  lighter 
than  its  background.  But  suppose  that  we  now  retard  the  deviated 
wa\'e,  D,  by  3^  wavelength  (or  advance  *S'  by  this  amount).  The 
condition  shown  in  Fig.  1.4  is  the  result.  The  light  in  the  image  of  the 
particle  is  now  S  —  D,  and,  as  in  the  previous  example,  the  background 


Fig.   1.3.     Increased  brightness  from  additive  summation  of  direct  and  deviated 

light. 

remains  of  amplitude  S.     Now  the  particle  appears  darker  than  the 
remainder  of  the  field  of  view. 

Thus,  if  the  phase  of  the  deviated  light  can  be  changed  with  respect 
to  the  direct  (undeviated)  light  from  a  single  point  in  the  original  source 
of  illumination,  we  have  a  means  for  changing  the  invisible  phase  dif- 
ferences arising  in  the  specimen  into  amplitude  differences  in  its  image, 
which  is  thereby  rendered  visible.  Figure  1.5  illustrates  how  this  change 
is  accomplished  in  a  simple  example.  Starting  at  the  bottom  of  the 
drawing,  let  us  consider  a  beam  of  light  proceeding  upward  from  a  single 
point  in  the  condenser  dia'phragm.  This  point  is  on  the  axis  of  the 
optical  system  and  is  located  at  or  near  the  lower  focal  plane  of  the 
condenser,  from  which  the  beam  emerges  as  a  bundle  of  parallel  or  nearly 
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parallel  rays.  The  specimen  is  an  important  part  of  the  optical  system 
because  of  its  action  on  the  light-wave  surface  perpendicular  to  the" 
rays.  The  specimen  diffracts  the  light,  provided  that  it  is  inhomoge- 
neous  with  respect  to  the  refractive  index  and/or  absorption  of  light. 
The  deviated  light  is  represented  by  the  rays  diverging  from  the  specimen 
and  originating  there.  The  parallel  rays  continue  their  course,  without 
deviation,  into  the  microscope  objective  system  and  are  brought  to  a  focus 
at  its  back  focal  plane,  whereas  the  bundle  of  deviated  rays  is  focused  at 


Fig.  1.4.     Decreased  brightness  from  subtractive  summation  of  direct  and  deviated 

light. 

the  focal  plane  of  the  eyepiece  by  the  objective  lenses.  At  the  diffraction 
plate*  the  direct  and  de\'iated  bundles  are  definitely  segregated  with  only 
very  little  overlapping.  The  phase  of  either  the  direct  or  the  deviated 
light  can  therefore  be  changed  by  introducing  a  layer  of  dielectric 
material,  such  as  magnesium  fluoride,  on  that  portion  of  the  diffraction 
plate  covered  by  these  rays.  In  Fig.  1.5  the  direct  light  is  retarded  by 
the  layer  of  dielectric  material  introduced  at  the  small  central  portion 
of  the  diffraction  plate  to  increase  the  optical  path.  For  most  systems 
the  phase  retardation  introduced  here  should  be  3^  wavelength,  as  shown 
in  Figs.  1.3  and  1.4,  in  order  to  produce  maximum  contrast  in  the  image. 

*  The  term  "diffraction  plate"  was  originated  by  the  authors  and  is  used  in  prefer- 
ence to  "phase  plate,"  which,  although  emphasizing  that  this  plate  changes  the  phase 
between  the  deviated  and  the  direct  light  from  the  specimen,  does  not  indicate  that 
it  is  of  equal  importance  that  this  plate  should  absorb  a  part  of  the  energy  of  one  set 
of  rays.  The  designation  "diffraction  plate"  refers  to  the  entire  action  of  this  plate 
on  the  diffraction  spectra  produced  by  the  specimen. 
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At  the  focal  plane  of  the  eyepiece  the  direct  light  has  spread  over  the 
field  of  view,  and  the  deviated  light,  now  converged,  interferes  with  the 


Undeviated  wave 


Focal  plane 
of  eyepiece 


Deviated  wave     , 
Dielectric  layer 


Diffraction  plate; 

back  focal  plane 

of  objective 


Objective 


Specimen 


Condenser 


Condenser  diaphragm 


Fig.  1.5.     Diagram  of  light  path  through  a  phase  microscope. 

direct  light  to  form  a  light  or  dark  image  of  the  corresponding  point  in 
the  specimen. 

Referring  again  to  Figs.  1.3  and  1.4,  in  order  to  obtain  a  maximum 
difference  between  the  light  in  the  image  of  the  particle  P  and  that  in  its 
background  S,  we  should  make  the  amplitudes  of  the  waves  S  and  D 
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equal.  Generally,  the  deviated  light,  D,  is  much  weaker  than  the  direct 
light,  S,  and  since  we  cannot  increase  the  intensity  of  *S'  without  also 
increasing  D  proportionately  we  have  available  only  the  alternative  of 
decreasing  the  intensity  of  the  direct  light,  *S'.  This  decrease  is  accom- 
plished by  placing  some  absorbing  material  on  the  diffraction  plate  in 
the  path  of  the  light  S.  In  many  specimens  suitable  visibility  of  the 
desired  details  requires  control  of  the  contrast  in  the  image  in  order  to 
avoid  too  strong  or  too  weak  a  contrast.  This  requirement  has  led  to 
the  use  of  a  series  of  diffraction  plates  having  different  absorption  and 
retardation  characteristics  or  to  the  changing  of  either  the  absorption 
or  retardation  or  both  in  the  diffraction  plate  by  methods  discussed  in 
Chapters  II  and  III. 

Although  the  foremost  function  of  the  microscope  is  to  make  small 
particles  visible,  the  phase  microscope,  particularly  one  in  which  the 
absorption  and  retardation  of  the  diffraction  plate  can  be  varied,  is  a 
useful  instrument  for  measuring  properties  of  the  specimen  (Osterberg 
and  Pride,  1950). 

Since  the  specimen  diffracts  light  by  virtue  of  its  light-absorbing 
and/or  light-retarding  properties,  phase  microscopy  is  of  value  in  the 
e.xamination  of  specimens  which,  in  addition  to  introducing  small  optical 
path  differences,  also  weakly  absorb  the  light.  Such  specimens  have  a 
combination  of  density  and  phase  contrasts,  designated  in  Chapter  IV 
as  densiphase  contrast. 

In  the  literature  of  Zernike  and  Kohler  and  Loos,  the  term  "phasenkon- 
trast"  denotes  the  kind  of  microscopy  discussed  in  this  book.  This 
term,  translated  as  "phase  contrast,"  is  much  used.  Since  the  above 
authors  refer  to  phase  contrast,  as  distinguished  from  amplitude  con- 
trast, in  the  specimen,  it  seems  likely  that  the  designation  "phase 
contrast  microscopy"  really  means  "the  microscopy  of  specimens  pos- 
sessing phase  contrast."  In  England  the  earlier  writers  on  this  subject 
refer  to  it  as  "phase  difference  microscopy,"  presumably  because  phase 
differences  exist  in  the  light  traversing  various  portions  of  the  specimen. 
In  the  United  States  the  authors  at  the  outset  of  their  work  applied  the 
simpler  term  "phase  microscopy."  They  preferred  to  base  the  name 
on  the  uniciue  properties  of  the  apparatus  rather  than  on  one  of  the 
optical  properties  which  a  specimen  may  or  may  not  possess.  The 
microscopic  equipment  introduces  phase  changes  in  the  light  passing 
through  the  microscope,  and  preferably  the  observer  should  have  some 
choice  in  selecting  these  phase  changes  in  order  to  present  the  greatest 
variety  of  aspects  of  the  many  kinds  of  specimens  (see  Frontispiece). 
But,  regardless  of  whether  the  emphasis  should  be  placed  on  the  phase 
contrast  of  the  specimen  or  on  the  phase  changes  introduced  by  the 
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diffraction  plate  of  the  present  form  of  apparatus,  or  whether  an  entirely 
new  system  for  favorably  altering  the  phase  of  the  light  passing  through 
the  microscope  to  obtain  better  visibility  of  the  specimens  is  developed, 
the  term  "phase  microscopy"  appears  both  sufficiently  inclusive  and 
sufficiently  descriptive. 


CHAPTER   II 


AN   ELEMENTARY   THEORY 
OF   PHASE   IVIICROSCOPY 


1.  INTRODUCTORY  REMARKS 

Image  formation  in  the  phase  microscope  depends  so  intimatel}^  upon 
the  phenomena  of  diffraction  that  even  a  qualitative  explanation  of  phase 
mJcroscopy  must  inx'oh^e  some  of  the  principles  of  diffraction.  The  main 
purpose  of  the  elementary  theory  is  to  provide  insight  into  the  physical 
action  of  a  phase  microscope  without  resorting  to  the  more  complicated 
and  rigorous  theory  based  upon  Kirchhoff's  or  Luneberg's  diffraction 
formula.  A  second  purpose  of  the  elementary  theory  is  to  obtain  a  set 
of  quantitative  relations  which  have  proved  of  assistance  in  the  applica- 
tion of  phase  microscopy.  Whereas  these  relations  are  admittedly  but 
the  first  approximation  to  the  truth,  they  may  be  used  in  a  surprisingly 
large  number  of  cases  to  predict  the  character  of  the  contrast  which  will 
be  produced  in  the  image  of  a  gi^'en  particle  by  a  proposed  diffraction 
plate.  Conversely,  these  relations  often  enable  the  observer  to  deduce 
significant  information  about  the  relative  optical  properties  of  the  parti- 
cle and  its  surround  from  the  properties  of  the  diffraction  plate  which  is 
required  for  prodvicing  darkest  contrast  in  the  image  of  the  particle. 

The  minimum  essentials  of  a  qualitative  explanation  of  phase  mi- 
croscopy have  been  included  in  Section  3,  Chapter  I.  The  qualitative 
explanation  of  phase  microscopy  will  be  presented  in  greater  detail  in 
Sections  2  and  3  of  this  chapter.  The  remaining  sections  deal  with  the 
quantitative  aspects  of  the  elementary  theory.  These  quantitative 
relations  will  be  derived  with  the  aid  of  complex  numbers  rather  than  in 
terms  of  the  equivalent  but  cumbersome  pseudo-vectors.  In  this  way 
the  laws  of  phase  microscopy  can  be  presented  with  greater  simplicity 
and  clarity.  Only  the  simplest  rules  of  operation  with  complex  numbers 
are  required,  and  these  will  be  described  as  they  are  needed.  The  final 
laws  of  phase  microscopy  do  not  involve  complex  numbers.  These 
laws  are  stated  in  sufficient  detail  so  that  the  microscopist  will  be  able 
to  apply  them  without  referring  to  the  methods  of  derivation. 

The  reader  who  is  interested  in  the  fundamentals  of  the  more  general 
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theory  of  phase  microscopy  with  Kohler  ilhimination  may  consult  the 
Appendix,  which  is  included  as  Chapter  VII. 

2.  LIGHT  WAVES  AND  THEIR  INTERFERENCE 

Light  waves  are  regarded  in  classical  physics  as  electromagnetic  waves 
whose  electric  and  magnetic  vibrations  are  at  right  angles  to  the  direction 
of  propagation  of  the  wave.  Only  the  electric  vibration  is  of  direct 
importance  to  the  phenomenon  of  light.  Consequently,  a  light  wave  is 
usually  represented  as  a  transverse  electric  wave  whose  magnetic  vibra- 


p                                                           y—^ 

1 

Fig.  ill     Representation  of  two  light  waves  P  and  S  of  equal  wavelength,  X. 

The  P  and  S  waves  vibrate  in  the  same  plane,  YZ,  and  are  propagated  along  Z. 

The  amplitudes  of  the  P  and  S  waves  are  ap  and  as,  respectively.     The  P  wave  is 

shown  retarded  with  respect  to  the  S  wave  by  the  amount  rf/X  wavelengths. 


tion  is  ignored.     The  height  of  the  wave  is  chosen  to  represent  the  instan- 
taneous value  of  the  electric  vector. 

Two  related  light  waves  are  illustrated  in  Fig.  ILL  These  waves  are 
traveling  in  the  Z  direction.  Their  electric  vibrations  are  parallel  to 
each  other  and  to  the  Y  direction.  The  maximum  height,  Ug,  of  the  S 
wave  is  by  definition  the  amplitude  of  the  S  wave.  The  P  and  S  waves 
are  illustrated  as  having  different  amplitudes,  ap  and  ttg,  respectively. 
The  wavelengths,  X,  of  the  two  waves  are  illustrated  as  alike  and  are 
equal  to  the  distance  sqSi.     The  entire  P  wave  lags  behind  the  S  wave  by 
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the  actual  distance  d  or  by  d/\  wavelengths.  We  say,  accordingly,  that 
the  two  waves  differ  in  phase  by  d/\  wavelengths.  We  may  also  say 
that  the  P  wave  has  been  retarded  with  respect  to  the  *S  wave  by  d/\ 


Fig.  II. 2.     The  resultant  wave  {P  +  S)  formed  by  the  constructive  and  destructive 

interference  of  P  and  S  waves  of  equal  amplitude.     Constructive  and  destructive 

interference  occurs  in  A  and  B,  respectively. 


wavelengths  or  that  the  S  wave  has  been  advanced  with  respect  to  the 
P  wave  by  d/\  wavelengths. 

If  the  ordinates  y  of  the  P  and  S  waves  are  added,  the  wave  (P  +  S) 
so  obtained  produces  the  same  physical  effects  as  the  combined  waves 
P  and  aS.  The  wave  (P  +  S)  is  called  the  resultant  wave.  The  physi- 
cal process  by  means  of  which  the  P  and  S  waves  combine  to  form  the 
resultant  wave  (P  +  S)  is  called  interference.  In  other  words,  two  waves 
interfere  to  form  the  resultant  wave. 

The  sum  of  two  waves,  i.e.,  the  new  wave  that  results  from  the  inter- 
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ference  of  the  two  waves,  depends  on  the  amphtudes  a^  and  a.g  of  the  two 
waves  and  on  the  phase  difference  d/\  between  the  two  waves.  Suppose 
that  the  P  and  aS  waves  have  the  same  amphtiide  and  zero  phase  differ- 
ence. They  then  coincide  as  in  Fig.  II. 2.4.  The  amphtude  of  the 
resultant  wave  (P  +  *S)  is  twice  as  great  as  the  amphtude  of  the  P  or  S 
wave.  Evidently  the  two  waves  add  or  interfere  with  maximum  effect 
when  their  phase  difference  is  zero.  Waves  are  said,  accordingly,  to 
interfere  constructively  when  their  phase  difference  is  zero.  Suppose, 
on  the  other  hand,  that  the  P  and  S  waves  have  the  same  amplitude  buit 
differ  in  phase  by  ^2  wavelength.  A  crest  of  one  wave  is  then  displaced 
over  a  trough  of  the  second  wave,  as  in  Fig.  11.25.  The  amplitude  of 
the  resultant  wave  (P  +  S)  is  zero,  and  so  the  two  waves  destroy  one 
another.  Evidently  the  two  waves  add  or  interfere  with  minimum  efTect 
when  their  phase  difference  is  3^  wavelength.  Waves  are  said  to  inter- 
fere destructively  when  their  phase  difference  is  ^4,  wavelength. 

As  we  shall  see,  constructive  and  destructive  interference  of  light 
waves  of  equal  amplitude  form  the  physical  means  for  obtaining  brightest 
or  darkest  contrast  in  the  image  of  the  object  particle  in  phase  micros- 
copy. 

The  brightness  of  an  area  that  is  illuminated  by  a  light  wave  is 
proportional  to  the  square  of  the  amplitude  of  the  wave.  If  the  area  is 
illuminated  by  two  waves  that  belong  to  the  same  wave  train  emitted 
by  an  elementary  particle  in  the  source  of  light,  the  brightness  of  the 
area  is  proportional  to  the  square  of  the  amplitude  of  the  resultant  wave 
formed  by  the  interference  of  the  two  waves. 

3.  A  QUALITATIVE  EXPLANATION  OF  PHASE  MICROSCOPY 

We  shall  suppose  that  the  object  specimen  consists  of  a  single  particle 
which  is  surrounded  by  a  homogeneous  medium.  The  primary''  purpose 
of  the  microscope  illuminator  and  substage  condenser  is  to  illuminate 
the  object  specimen  in  a  controlled  manner.  If  the  source  of  light  is 
focused  upon  the  iris  diaphragm  of  the  substage  condenser,  as  it  is  when 
the  system  has  been  adjusted  for  Kohler  illumination,  the  opening  in  the 
condenser  diaphragm  may  be  regarded  as  the  source  of  illumination. 
Light  waves  radiate  from  each  point  in  the  condenser  diaphragm. 
These  light  waves  are  incident  upon  the  object  specimen,  are  diffracted 
by  the  specimen,  and  are  subsequently  refocused  by  the  objective  to 
form  the  complete  image  of  the  specimen.  In  discussing  the  properties 
of  the  complete  image,  we  shall  avoid  a  great  amount  of  difficulty  by 
considering  only  the  image  formed  by  a  light  wave  that  is  radiated  from 
a  single  point  in  the  condenser  diaphragm.  We  may  suppose  that,  ex- 
cept for  certain  refinements  which  fall  outside  the  scope  of  a  rudimentary 
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discussion,  the  main  effect  of  including  the  light  from  the  remaining 
points  in  the  condenser  diaphragm  is  simply  to  produce  a  brighter  image 
of  the  specimen. 

The  optical  path  of  a  given  thickness  of  a  uniform  medium  is  equal  to 
the  product  of  the  thickness  and  the  refractive  index  of  the  medium. 

The  most  important  application  of  the  phase  microscope  is  to  improve 
the  visil)ility  of  particles  that  differ  from  their  surrounding  medium 
only  l)y  a  small  amount  in  optical  path.  We  shall  suppose  throughout 
this  section  that  neither  the  particle  nor  its  surround  absorbs  light  and 
that  the  optical  path  difference  between  the  particle  and  the  surround 
is  a  small  fraction  of  a  wavelength,  for  e.xample  X/20.  In  order  to 
distinguish  more  clearly  between  the  behavior  of  an  ordinary  microscope 
and  a  phase  microscope,  this  section  will  be  subdivided  into  five  parts. 
The  first  part,  3.1,  will  explain  why  the  contrast  in  the  image  is  poor  in 
the  ordinary  microscope  when  the  particle  differs  from  the  surround 
only  in  refractive  index.  The  second  part,  3.2,  will  show  how  the  con- 
trast in  the  image  of  such  particles  can  be  improved  by  a  suitable  choice 
of  diffraction  plate  in  the  phase  microscope. 

3.1.     Phenomena  of  all  microscopes 

The  following  diffraction  phenomena  occur  in  all  microscopes  and,  on 
the  basis  of  the  simplified  theory,  lead  to  the  conclusion  that  particles 
differing  from  their  surround  only  in  optical  path  should  not  be  visible 
in  the  ordinary  microscope. 

If  the  condenser  diaphragm  is  placed  near  the  first  focal  plane  of  the 
substage  condenser,  the  light  wave  radiated  from  a  point  C  in  the  opening 
of  the  iris  emerges  from  the  substage  condenser  as  a  substantially  plane 
wave  so  that  the  rays  from  C  are  parallel  upon  passing  through  the 
object  specimen  as  in  Fig.  II. 3.  The  object  particle  forms  an  obstacle 
in  the  path  of  the  incident  wave.  Conseciuently,  the  incident  wave 
does  not  pass  without  interruption  through  the  object  plane  but  is 
diffracted.  A  portion  of  the  diff'racted  incident  wave  continues  on  its 
original  course  undeviated,  but  the  remaining  portion  of  the  diffracted 
wave  is  deviated  away  from  the  direction  of  propagation  at  incidence. 
We  may  therefore  regard  the  incident  wave  as  broken  into  two  related 
waves  by  diffraction  at  the  object.  The  undeviated  portion  of  the  in- 
cident wave  is  called  the  undeviated  wave,  whereas  the  deviated  portion 
is  called  the  deviated  wave. 

The  rays  belonging  to  the  undeviated  wave  are  drawn  as  solid  lines 
in  Fig.  II. 3.  These  rays  pass  through  a  small  neighborhood  about  the 
point  C  in  the  second  focal  plane  of  the  objective.  The  point  C  in  the 
condenser  diaphragm  is  imaged   about  the  point   C.     After  passing 
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through  r',  the  undeviated  rays  diverge  and  spread  with  a  high  degree 
of  uniformity  over  the  image  plane.  The  rays  belonging  to  the  deviated 
wave  are  drawn  as  broken  lines  in  Fig.  1 1. 3.  The  deviated  rays  diverge 
from  the  neighborhood  of  the  particle.  Subsequently  they  spread  out 
over  the  second  focal  plane  of  the  objective.  The  deviated  rays  are 
focused  by  the  objective  upon  the  neighborhood  of  the  geometrical 


Condenser 
diaphragm 


Fig.  II. 3.  Spatial  distribution  of  the  undeviated  and  deviated  waves  that  arise 
by  diffraction  at  the  object  particle.  Coherent  light  radiated  from  a  point  C  in  the 
opening  of  the  condenser  diaphragm  is  incident  as  a  substantially  plane  wave  upon 
the  object  particle  and  its  surround.  The  stop  S  may  assume  different  forms  or  may 
be  absent.  The  undeviated  rays  are  drawn  as  continuous  lines,  and  the  undeviated 
wave  is  distinguished  by  the  expanding  or  contracting  arcs.  The  undeviated  rays 
obey  the  laws  of  geometrical  optics  and  so  form  an  image  C"  of  C  in  the  second  focal 
plane  of  the  objective.  The  deviated  rays  are  drawn  as  broken  lines,  and  the  spatial 
distribution  of  the  deviated  waves  is  indicated  by  the  shaded  area.  The  deviated 
rays  arise  in  the  neighborhood  of  the  particle  and  are  converged  by  the  objective 
into  the  neighborhood  of  the  geometrical  image  of  the  particle. 


image  of  the  particle.  A  remarkable  and  important  difference  between 
the  undeviated  and  deviated  waves  consists  in  the  fact  that  the  undevi- 
ated wave  is  concentrated  in  the  second  focal  plane  of  the  objective 
upon  the  neighborhood  of  the  geometrical  image  of  the  source  of  light  and 
is  subseciuently  spread  out  over  the  image  plane,  whereas  the  deviated 
wave  is  spread  out  over  the  second  focal  plane  of  the  objective  and  is 
subsequently  concentrated  upon  the  neighborhood  of  the  geometrical 
image  of  the  particle. 

Curiously  enough,  the  quantitative  relations  between  the  amplitudes 
and  phases  of  the  de^•iated  and  unde^'iated  waves  can  be  deduced  from 
the  following  simple  considerations:   Returning  again  to  the  wave  that 
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is  incident  upon  the  object  specimen,  we  note  that  one  portion  of  the 
incident  wave  is  intercepted  by  the  surround  and  that  the  remainder 
of  the  incident  wave  is  intercepted  by  the  particle.  We  denote  the 
portion  of  the  incident  wave  that  is  intercepted  by  the  surround  as  the 
S  wave  and  the  portion  that  is  intercepted  by  the  particle  as  the  P  wave. 
Because  we  have  supposed  that  neither  the  particle  nor  the  surround 


f 

P  wave , 
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Fig.  II. 4.     Graphical  relations  among  the  P,  S,  and  D  waves  such  that  D  +  S  =  P. 

The  P  wave  is  shown  as  retarded  with  respect  to  the  &  wave  by  a  small  phase  angle, 

A,  in  radians.     The  constructed  D  wave  is  retarded  with  respect  to  the  S  wave  by 

approximately  X/4  wavelength  or  7r/2  radians. 


absorb  light,  the  amplitudes  of  the  P  and  S  waves  should  be  equal  to 
each  other  and  to  the  amplitude  of  the  incident  wave.  Suppose  that 
the  optical  path  difference  A  between  the  particle  and  surround  is  a 
small  fraction  of  a  wavelength  and  that  the  optical  path  of  the  particle 
exceeds  that  of  the  surround.  The  P  wave  will  then  lag  behind  the 
*S  wave  by  the  amount  A,  as  in  Fig.  II. 4.  Now,  it  is  possible  to  construct 
after  the  manner  indicated  in  Fig.  II. 4  a  wave  T>  that,  when  added  to 
the  *S  wa\'e,  produces  a  resultant  wave  identical  to  the  P  wave.  In 
other  words,  it  is  possible  to  find  a  D  wave  such  that  D  -{-  S  =  P.  The 
only  graphical  requirement  is  that  the  ordinates  y  of  the  D  and  S  waves 
shall  add  up  to  equal  the  ordinates  y  of  the  P  wave.     The  pair  of  waves 
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D  and  S  is  not  only  efjiuil  to  the  P  wave  mathematical!}^  but  is  also 
indistinguishable  from  the  P  wave  physically.  We  may  suspect  already 
that  the  D  wave  is  the  deviated  wave.  Since  the  portion  of  the  incident 
wave  that  is  intercepted  by  the  surround  is  the  8  wave,  and  since  the 
portion  of  the  incident  wave  that  is  intercepted  by  the  particle  can  be 
split  into  a  D  wave  and  another  wave  identical  to  the  S  wave,  the 
incident  wave  can  be  regarded  as  broken  by  diffraction  into  the  S  wave, 
which  extends  over  the  entire  object  plane,  and  into  the  D  wave,  which  extends 
over  the  neighborhood  of  the  particle.  The  S  and  D  waves  may  be  identified 
with  the  undeviated  and  deviated  waves  from  the  following  observations : 
We  note  from  the  construction  of  Fig.  II. 4  that  when  A  =  0,  so  that  the 
particle  vanishes,  the  D  waxe  disappears  whereas  the  *S  wave  remains 
unchanged.  This  means  that  the  S  wave  can  only  be  the  undeviated 
wave,  for  it  is  the  wave  that  is  present  in  the  absence  of  an  object  particle. 
Since  we  know  that  there  are  but  two  waves  produced  by  diffraction  at 
the  object  specimen,  namely  the  undeviated  wave  and  the  deviated 
wave,  it  follows  by  elimination  that  the  D  wave  must  be  the  deviated 
wave.  The  observation  that  the  D  wave  vanishes  when  the  particle 
vanishes  is  consistent  with  the  conclusion  that  the  D  wave  is  the  deviated 
wave. 

The  construction  of  Fig.  II. 4  gives  the  relative  amplitudes  of  the  S 
and  D  waves,  together  with  the  phase  difference  between  these  two 
waves,  which  are,  respectively,  the  undeviated  and  deviated  waves. 
It  wnll  be  noted  from  Fig.  II. 4  that  the  D  wave  lags  }4  wavelength  be- 
hind the  S  wsLve  when  the  optical  path  of  the  particle  exceeds  that  of  the 
surround  by  a  small  amount  A.  On  the  other  hand,  if  the  optical  path 
of  the  particle  were  less  than  that  of  the  surround  l)y  a  small  amount  A, 
the  S  wave  in  Fig.  II. 4  would  have  been  drawn  so  as  to  lag  behind  the 
P  wave  by  the  amount  A.     The  D  wave  would  then  be  found*  to  have 

*  The  laborious  method  of  the  graphical  construction  can  l)e  avoided  by  the  follow- 
ing simple  analytical  considerations:  Let  s  denote  the  amplitude  of  the  S  wave,  and 
let  the  phase  constant,  4>s,  of  the  S  wave  be  chosen  as  reference  with  </)s  =  0.  Then 
for  the  S  wave  the  displacements  ys  are 


Vs 


s  sin  (2  +  4>s)  =  s  sin  z.  (1) 


Since  the  amplitudes  of  the  S  and  P  waves  are  equal,  we  have  correspondingly  for 
the  P  wave 

ijp  =  s  sin  {z  +  A),  (2) 

in  which  A  is  the  amount  by  which  the  P  wave  is  retarded  with  respect  to  the  S 
wave.  Let  d  denote  the  required  amplitude  of  the  D  wave,  and  let  cp  denote  the 
required  phase  retardation  of  the  D  wave.     Then 

yd  =  d  sin  {z  +  4>).  (3) 
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the  same  amplitude  as  in  Fig.  II. 4,  provided  that  the  numerical  value 
of  A  remains  unchanged,  but  would  be  found  to  lead  the  S  wave  by 
3^  wavelength.  These  conclusions  about  the  phase  difference  between 
the  undeviated  and  deviated  waves  are  so  important  to  phase  microscopy 
that  they  are  worth  stating  as  the  following  theorem  (Theorem  1): 

When  the  light  transmissions  of  the  particle  and  the  surround  are  equal 
and  when  the  optical  path  of  the  particle  differs  from  the  optical  path  of  the 
surround  by  a  sinall  fraction  of  a  wavelength,  the  deviated  wave  is  retarded 
or  advanced  in  phase  by  }4  wavelength  with  respect  to  the  undeviated  wave 
according  as  the  optical  path  of  the  particle  exceeds  or  is  less  than  the  optical 
path  of  an  equal  thickness  of  the  surround. 

Since  the  deviated  wave  is  focused  upon  the  neighborhood  of  the 
geometrical  image  of  the  particle  and  since  the  undeviated  wave  is 


The  statement  that  the  sum  of  the  D  and  S  waves  shall  be  equal  to  the  P  wave 
is  now  equivalent  to  writing 

Vp  =  Vs  +  yd 

or 

s  sin  {z  +  A)  =  s  sin  2  +  d  sin  (z  +  4>).  (4) 

If  A  is  so  small  that  sin  A  — ►  A,  Eq.  4  reduces  to  the  equation 

'  .5 A  cos  z  =  d  cos  4>  sin  z  +  d  sin  4>  cos  z.  (5) 

If  the  waves  D  +  S  are  to  be  equal  to  the  P  wave  for  all  values  of  z,  Eq.  5  must  be 
true  for  all  values  of  z.     But  this  situation  holds  if  and  only  if 

d  cos  4>  sin  2=0; 

sA  cos  z  =  d  sin  0  cos  z.  (6) 

Hence  cos  ^  =  0  so  that 

*=±^  (7) 

with 

sA  =  d  sin  </>.  (8) 

When  A  >  0  so  that  the  optical  path  of  the  particle  exceeds  that  of  the  surround, 
we  must  choose  the  alternative  4>  =  +7r/2,  since  neither  s  nor  d  can  be  negative. 
When  A  <  0  so  that  the  optical  path  of  the  particle  is  less  than  that  of  the  surround, 
we  must  choose  the  alternative  (/>  =  —  7r/2.  For  either  alternative  the  amplitude  d 
of  the  deviated  wave  is  given  from  Eq.  8  by 

d=s\A\,  (9) 

in  which  [a]  denotes  the  absolute  value  of  A.  We  see,  therefore,  that  the  amplitude 
of  the  deviated  wave  is  pr(jportional  to  both  s  and  |a|  when  A  is  small  and  that  the 
deviated  wave  is  retarded  l)y  ±34  wavelength  with  respect  to  the  undeviated  wave 
according  as  A  is  greater  than  or  less  than  zero,  i.e.,  according  as  the  optical  path  of 
the  particle  is  greater  than  or  less  than  the  optical  path  of  an  equal  thickness  of 
the  surround. 
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spread  over  the  entire  image  plane,  the  image  of  the  surround  is  ilkimi- 
nated  by  the  undeviated  wave  whereas  the  image  of  the  particle  is 
illuminated  by  both  the  undeviated  and  the  deviated  wave.  The  phase 
and  amplitude  distribution  of  the  light  that  illuminates  the  image  of  the 
surround  is  therefore  that  of  the  undeviated  wave,  i.e.,  of  the  S  wave  of 
Fig.  II. 4.  Because  the  undeviated  and  deviated  waves  overlap  upon  the 
geometrical  image  of  the  particle,  these  two  waves  interfere  to  produce 
the  resultant  wave  (D  +  *S)  over  the  image  of  the  particle.  From  the 
construction  of  Fig.  II. 4,  D  -\-  S  =  P.  The  deviated  and  undeviated 
waves  thus  combine  over  the  image  of  the  particle  to  reproduce  the 
P  wave.  The  phase  and  amplitude  distribution  of  the  light  that  illumi- 
nates the  image  of  the  particle  is  therefore  that  of  the  P  wave.  In 
conclusion,  the  amplitude  and  phase  distributions  over  the  image  of  the 
surround  and  over  the  image  of  particle  are,  respectively,  those  of  the 
S  wave  and  those  of  the  P  wave.  This  conclusion  is  true  irrespective  of 
the  value  of  A,  the  optical  path  difference  between  the  particle  and  sur- 
round. It  is  also  true  irrespective  of  any  differences  in  absorption  which 
may  be  present  between  the  particle  and  the  surround. 

It  has  been  seen  how  the  P  and  S  waves  originate  in  the  object  plane 
as  the  portions  of  the  incident  wave  that  are  intercepted  by  the  object 
particle  and  its  surround,  respectively.  The  amplitude  and  phase  of 
the  light  that  leaves  the  particle  is  therefore  that  of  the  P  wave,  whereas 
the  amplitude  and  phase  of  the  light  that  leaves  the  surround  is  that  of 
the  S  wave.  The  conclusion  of  the  previous  paragraph  is  that  the 
amplitude  and  phase  of  the  light  that  enters  the  image  of  the  particle 
is  likewise  the  amplitude  and  phase  of  the  P  wave,  whereas  the  amplitude 
and  phase  of  the  light  that  enters  the  image  of  the  surround  is  that  of 
the  S  wave.  We  conclude,  therefore,  that  the  phase  and  amplitude 
distributions  over  the  object  and  image  plane  will  be  similar  and  that, 
consequently,  the  image  will  be  similar  to  the  object.  This  conclusion 
can  be  stated  as  a  theorem  which  is  usually  attributed  to  Lummer 
(Theorem  2 ) : 

When  the  entire  deviated  arid  undeviated  bundles  of  light  which  originate 
by  diffraction  at  the  object  are  admitied  and  transmitted  by  an  aberration- 
free  objective,  the  amplitude  and  phase  distributions  over  the  object  plane 
and  over  the  sharply  focused  image  plane  are  similar  and  the  image  is 
similar  in  all  details  to  the  object. 

As  applied  to  real  objectives,  this  theorem  is  an  idealization,  for  no 
real  objective  is  capable  of  transmitting  the  entire  deviated  bundle. 
The  agreement  between  the  theorem  and  experimental  facts  becomes 
closer  as  the  numerical  aperture  of  the  objective  and  the  size  of  the  object 
details  are  increased. 
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It  follows  directly  from  Lummer's  theorem  that  the  image  of  a  particle 
should  show  no  contrast,  irrespective  of  the  optical  path  difference  be- 
tween the  particle  and  the  surround,  when  the  light  transmissions  of  the 
particle  and  the  surround  are  alike.  If  the  light  transmissions  of 
the  particle  and  the  surround  are  alike,  the  amplitude  distribution  over 
the  object  plane  will  be  uniform.  According  to  Lummer's  theorem,  the 
amplitude  distribution  over  the  image  plane  will  then  be  uniform. 
Since  the  eye  or  photographic  plate  is  sensitive  only  to  the  amplitude 
or  to  the  energy  density  that  is  proportional  to  the  square  of  the  ampli- 
tude, the  image  plane  will  appear  to  be  uniformly  illuminated  even 
though  the  phase  distribution  over  the  image  plane  is  non-uniform. 
Consequently,  the  particle  should  be  invisible  when  its  light  transmission 
does  not  differ  from  that  of  the  surround. 

One  of  the  weaknesses  or  oversimplifications  of  the  simplified  theory 
of  microscopy  appears  in  the  prediction  that  the  particle  should  be 
invisible  in  the  microscope  whenever  the  light  transmissions  of  the  parti- 
cle and  the  surround  are  alike  no  matter  what  optical  path  differences 
exist  between  the  particle  and  the  surround.  It  is  a  well-known  ex- 
perimental fact  that  when  the  optical  path  differences  between  the 
particle  and  its  surround  are  greater  than  3^  wavelength  the  particle  is 
visible  whether  or  not  the  iris  in  the  substage  condenser  is  stopped 
down.  Furthermore,  when  the  optical  path  difference  is  less  than  }/8 
wavelength  the  visibility  of  the  particle  can  be  increased  by  stopping 
down  the  iris  diaphragm  in  the  substage  condenser  and  by  readjusting 
the  state  of  focus  of  the  image.  Depending  on  the  spherical  aberration 
of  the  objective,  the  particle  may  be  rendered  visible  when  the  optical 
path  difference  between  the  particle  and  its  surround  is  only  0.04 
wavelength.  With  these  small  optical  path  differences  the  visibility 
or  contrast  is  poor,  however,  and  the  image  becomes  unduly  distorted 
by  the  necessity  of  observing  an  out-of-focus  image  surrounded  by  an 
increased  amount  of  adverse  diffraction  effects.  The  visibility  of  such 
particles  in  the  ordinary  microscope  is  due  largely  to  the  fortunate 
circumstance  arising  from  the  failure  of  real  objectives  to  fulfill  the 
conditions  postulated  in  Lummer's  theorem.  When  the  optical  path 
differences  between  the  particle  and  the  surround  become  small  enough, 
the  degree  of  visibility  of  the  particle  approaches  zero,  the  value  pre- 
dicted by  Lummer's  theorem  if  the  light  transmissions  of  the  particle 
and  of  the  surround  are  equal. 

3.2.     Phenomena  of  phase  microscopes 

In  phase  microscopy  a  diffraction  plate  is  introduced  for  the  purpose 
of  obtaining  additional  controlled  violations  of  the  conditions  of  Lum- 
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mer's  theorem.  These  additional  violations  consist  in  altering  the 
relative  amplitude  and  phase  of  the  deviated  and  undeviated  waves 
originating  bj^  diffraction  at  the  object  specimen.  This  alteration  is 
accomplished  by  taking  advantage  of  the  facts  that  the  undeviated 
wave  passes  through  the  conjugate  area  of  the  diffraction  plate  and  that 
most  of  the  de^'iated  wave  passes  through  the  complementary  area  of 
the  diffraction  plate.  Because  the  characteristics  of  the  image  are 
determined  by  the  interference  phenomena  that  take  place  between  the 
undeviated  and  deviated  waves  as  they  reach  the  plane  of  the  image, 
and  because  the  amplitude  and  phase  of  the  resultant  wave  formed  by 
the  interference  of  the  undeviated  and  the  de^'iated  waves  depend  on 
the  relative  amplitude  and  phase  of  the  undeviated  and  deviated  waves, 
it  is  possible  to  choose  a  diffraction  plate  that  produces  optimum  contrast 
in  the  sharply  focused  image  plane.  The  manner  in  which  optimum 
contrast  can  be  obtained  in  the  sharply  focused  image  plane  will  now  be 
discussed  in  detail  for  the  particle  differing  from  its  surround  only  by  a 
small  amount  in  optical  path. 

If  the  opening  in  the  condenser  diaphragm  is  chosen  in  the  usual 
manner  as  a  narrow  annulus,  as  in  Fig.  II. 5,  the  conjugate  area  of  the 
diffraction  plate  formed  by  the  image  of  the  opening  in  the  condenser 
diaphragm  will  also  be  a  relatively  narrow  annulus.  The  complemen- 
tary area  is  then  the  remaining  area  of  the  diffraction  plate  within  the 
clear  aperture  of  the  second  focal  plane  of  the  ol)jecti\'e. 

As  we  have  seen  in  Section  3.1,  the  light  radiated  from  a  point  C  in 
the  condenser  diaphragm  is  incident  as  a  substantially  plane  wave  upon 
the  object  plane.  The  incident  wave  is  split  by  diffraction  at  the  object 
specimen  into  an  undeviated  *S  wave,  which  emerges  from  all  elements 
of  area  in  the  object  plane,  and  into  a  deviated  D  wave,  which  emerges 
from  elements  of  area  that  are  confined  almost  entirely  to  the  particle. 
The  undeviated  wave  passes  through  the.  conjugate  area  and  is  subse- 
quently spread  over  the  entire  image  plane,  whereas  the  deviated  wave 
is  spread  mainly  over  the  complementary  area  of  the  diffraction  plate 
and  is  then  reconcentrated  upon  the  neighborhood  of  the  geometrical 
image  of  the  particle.  These  phenomena  are  illustrated  in  Fig.  II. 5. 
The  amplitude  and  phase  distribution  over  the  image  of  the  surround  is 
determined  by  the  undeviated  wave  alone,  whereas  the  amplitude  and 
phase  distribution  of  the  light  over  the  geometrical  image  of  the  particle 
is  determined  by  the  resultant  wave  produced  by  the  interference  of  the 
undeviated  and  deviated  waves  as  they  pass  through  the  geometrical 
image  of  the  particle. 

The  ordinary  microscope  is  one  whose  diffraction  plate  is  uncoated 
so  that  the  amplitude  and  phase  transmissions  of  the  conjugate  and 
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complementary  areas  are  equal.  We  have  seen  that  in  the  ordinary 
microscope  the  deviated  1)  wave,  Fig.  II. -4,  is  retarded  by  practically 
3^  wavelength  with  respect  to  the  imdeviated  S  wa\'c  when  the  optical 
path  of  the  particle  exceeds  the  optical  path  of  the  surround  by  a  small 


^Condenser 
diaphragm 


Fig.  II. 5.  Passage  of  the  light  radiated  from  a  point  C  in  the  opening  of  the  con- 
denser diaphragm  through  the  optical  system  of  a  phase  microscope.  The  undeviated 
portion  of  the  light  wave  diverging  from  any  point  C  in  the  opening  of  the  condenser 
diaphragm  is  converged  upon  the  conjugate  area  of  the  diffraction  plate  located  near 
the  plane  of  the  image  of  the  condenser  diaphragm  and  near  the  second  focal  plane 
of  the  objective.  The  conjugate  area  coincides  with  the  image  of  the  opening  of  the 
condenser  diaphragm.  All  the  undeviated  rays  from  points  C  pass  through  the 
conjugate  area  in  a  properly  designed  and  adjusted  system.  The  deviated  rays  are 
distinguished  by  the  broken  lines.  They  arise  by  diffraction  at  the  particle  and  may 
occupy  the  entire  shaded  cross  section  and  the  entire  area  of  the  diffraction  plate. 
If  the  conjugate  area  is  small  compared  with  the  total  area  of  the  diffraction  plate, 
most  of  the  deviated  rays  pass  thi'ough  the  complementary  area,  i.e.,  through  that 
area  of  the  diffraction  plate  which  is  unoccupied  by  the  image  of  the  opening  of  the 

condenser  diaphragm. 


amount,  A,  for  a  particle  whose  amplitude  transmission  is  substantially 
the  same  as  that  of  the  svuTound.  When  A  is  very  small,  the  amplitude 
of  the  D  wave  is  less  than  that  of  the  S  wave  and  becomes  vanishingly 
small  as  A  approaches  zero. 

Suppose  that  the  undeviated  S  wa^'e  is  artificially  retarded  by  J^ 
wavelength.  This  artificial  retardation  can  be  brought  about  by  apply- 
ing a  coating  of  refracting  material,  such  as  magnesium  fluoride,  to  the 
conjugate  area  of  the  diffraction  plate.  If  the  thickness  of  the  magnesium 
fluoride  is  such  as  to  increase  the  optical  path  of  the  conjugate  area  by 
}4:  wa\'elength  with  respect  to  the  uncoated  complementary  area,  only 
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the  undeviated  wave  will  be  retarded  by  \^  wavelength.  This  selective 
retardation  follows  directly  from  the  fact  that  the  undeviated  wave 
passes  through  the  conjugate  area  whereas  the  deviated  wave  passes 
through  the  complementary  area.  The  effect  of  retarding  the  undevi- 
ated *S  wave  by  Y^  wavelength  is  to  slide  the  entire  »S  wave  of  Fig.  II.4 


Fig.  II. 6.  Constructive  interference  between  the  undeviated  S>  wave  and  the 
deviated  D  wave  as  they  overlap  the  image  of  an  object  particle  whose  optical  path 
difference  A  with  respect  to  its  surround  is  small  and  positive.  In  the  phase  micro- 
scope, the  undeviated  and  deviated  waves  have  been  made  to  agree  in  phase  by- 
introducing  a  phase  retardation  of  \i  wavelength  into  the  undeviated  wave  with 
respect  to  the  deviated  wave,  whose  relative  phase  retardation  is  nominally  }/i 
wavelength  with  respect  to  the  S  wave.  The  resultant  wave  is  stronger  than  the 
undeviated  S  wave.  Consequently  the  particle  will  appear  brighter  than  its  sur- 
round in  the  plane  of  sharpest  focus. 

to  the  left  by  }/i  wavelength.  The  relation  between  the  deviated  and 
undeviated  waves  becomes  that  illustrated  in  Fig.  II. 6.  It  can  be  seen 
that  the  undeviated  and  deviated  waves  interfere  constructively  to 
produce  the  indicated  resultant  wave  of  greater  amplitude  than  that 
of  the  ;S  wave.  Since  the  geometrical  image  of  the  particle  is  illuminated 
by  this  resultant  wave  whereas  the  image  of  the  surround  is  illuminated 
by  the  <S  wave  alone,  the  particle  appears  brighter  than  its  surround. 
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Suppose  that,  on  the  other  hand,  the  deviated  D  wave  of  Fig.  II. 4  is 
retarded  by  an  additional  amount  of  3^  wavelength  with  respect  to  the 
undeviated  *S  wave  by  placing  the  refracting  coating  upon  the  com- 
plementary area  of  the  diffraction  plate.  The  total  retardation  of  the 
deviated  wave  with  respect  to  the  undeviated  wave  is  then  3^  wave- 


FiG.  II. 7.  Destructive  interference  between  the  undeviated  S  wave  and  the  devi- 
ated D  wave  as  they  overlap  the  image  of  an  object  particle  whose  optical  path 
difference  A  with  respect  to  its  surround  is  small  and  positive.  The  deviated  wave 
has  been  rendered  H  wavelength  out  of  phase  with  respect  to  the  S  wave  by  the 
introduction  of  an  additional  quarter-wave  phase  retardation  into  the  D  wave 
beyond  its  nominal  quarter-wave  phase  retardation  with  respect  to  the  undeviated 
S  wave.  The  resultant  wave  is  now  weaker  than  the  S  wave.  The  particle  will 
therefore  appear  darker  than  its  surround.  Destructive  interference  is  not  complete, 
because  the  amplitude  of  the  undeviated  wave  still  exceeds  the  amplitude  of  the 

deviated  wave. 

length.  Conseciuently,  the  undeviated  and  deviated  waves  interfere 
destructively  over  the  geometrical  image  of  the  particle,  as  indicated 
in  Fig.  II. 7,  to  produce  a  resultant  wave  of  smaller  amplitude  than  that 
of  the  undeviated  wave.  The  particle  therefore  appears  darker  than  its 
surround.  In  summary  of  the  last  two  paragraphs,  a  particle  whose 
optical  path  exceeds  that  of  the  surround  by  a  small  amount  will  appear 
brighter  or  darker  than  its  surround  according  as  the  optical  path  of  the 
conjugate  area  of  the  diffraction  plate  is  increased  or  decreased  by  34 
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wavelength  with  respect  to  the  optical  path  of  the  complementary  area 
of  the  diffraction  plate. 

The  early  phase  microscopes  were  constructed  with  diffraction  plates 
whose  conjugate  area  consisted  of  a  suitably  shaped  groove  etched  to  a 
sufficient  depth  in  a  glass  plate  to  reduce  the  optical  path  of  the  groove 
by  }/i  wavelength  with  respect  to  the  unetched  poi'tion  of  the  plate. 
By  etching  the  groove  more  deeply  and  by  filling  it  with  a  clear  cement 
of  higher  index  than  that  of  the  glass  plate,  the  optical  path  of  the  groove 
could  be  increased  by  }/i  wavelength  with  respect  to  the  unetched  portion 
of  the  plate.  In  accordance  with  the  conclusions  stated  above,  a  particle 
whose  optical  path  was  slightly  greater  than  that  of  the  surround  ap- 
peared brighter  or  darker  than  the  surround  according  as  the  etched 
groove  was  filled  or  unfilled.  Although  it  is  possible  to  find  particles 
that  appear  in  excellent  bright  or  dark  contrast  when  the  conjugate  and 
complementary  areas  of  the  diffraction  plate  are  treated  by  etching  or 
by  deposition  of  refracting  materials  so  that  they  differ  in  optical  path  by 
}/i  wavelength,  it  was  soon  discovered  that  the  contrast  in  the  image  of 
most  particles  can  be  improved  greatly  by  adding  an  absorbing  material 
to  the  conjugate  area. 

The  reason  for  the  above-mentioned  improvement  in  contrast  can  be 
understood  from  Figs.  II. 6  and  II. 7.  It  has  been  noted  that  the  deviated 
D  wave  vanishes  with  the  optical  path  difference  A  and  has  an  amplitude 
that  is  small  compared  with  the  amplitude  of  the  undeviated  *S  wave 
when  the  optical  path  difference  A  between  the  particle  and  surround  is 
small  and  when  the  particle  and  surround  are  equally  transparent. 
Under  these  circumstances  the  wave  that  is  deviated  from  its  course  by 
diffraction  at  the  object  is  much  weaker,  as  is  to  be  suspected,  than  the 
wave  that  is  undeviated  by  diffraction  at  the  object.  With  reference 
first  to  Fig.  II. 7,  suppose  that  the  amplitude  of  the  undeviated  wave  is 
reduced  by  passage  through  an  absorbing  material  placed  upon  the 
conjugate  area  to  the  amplitude  of  the  deviated  wave.  The  amplitudes 
of  the  D  and  *S  waves  of  Fig.  II. 7  are  now  to  be  drawn  alike,  as  in  Fig. 
II. 8.  These  two  waves  are,  therefore,  equal  and  opposed  and  so  an- 
nihilate one  another  by  destructive  interference;  thus  their  resultant  is 
zero.  Because  the  particle  is  illuminated  by  the  vanishing  resultant 
wave  whereas  the  surround  is  illuminated  by  the  S  wave  of  reduced 
amplitude,  the  particle  should  appear  black  against  a  surround  of 
reduced  brightness.  Provided  that  the  original  source  of  illumination  is 
strong  enough,  the  particle  should  appear  in  greatly  improved  dark 
contrast.  This  phenomenon,  which  is  predictable  from  the  simplified 
theory,  is  in  qualitative  agreement  with  experiment. 

With  reference  to  Fig.  II. 6,  suppose  again  that  the  amplitude  of  the 
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undeviated  wave  has  been  reduced  to  the  ampHtude  of  the  deviated 
wave  by  passage  through  an  absorbing  material  placed  on  the  conjugate 
area  of  the  diffraction  plate.  The  undeviated  and  deviated  waves  now 
coincide  and  produce  by  constructive  interference  a  resultant  wave 
whose  amplitude  is  twice  as  large  as  the  amplitude  of  the  undeviated 
wave.  Because  brightness  is  proportional  to  the  square  of  the  amplitude 
and  because  the  image  of  the  particle  is  illuminated  l)y  the  resultant  wave 
whereas  the  image  of  the  surround  is  illuminated  by  the  undeviated 


.Undeviated  and  weakened  Swave 


■^Deviated  and  artificially  retarded  D  wave 


Fig.  II. 8.  Complete  destructive  interference  between  the  undeviated  S  wave  and 
the  deviated  D  wave  as  they  overlap  the  sharply  focused  image  of  the  particle  after 
passing  through  a  diffraction  plate  that  equalizes  the  amplitudes  of  the  undeviated 
and  deviated  waves  and  that  renders  these  two  waves  different  in  phase  by  3^  w^ave- 
length.     The  particle  will  appear  black  against  a  background  of  reduced  brightness. 

wave,  the  image  of  the  particle  is  foin*  times  as  bright  as  the  image  of 
the  surround.  The  effect  of  adding  the  absorbing  material  to  the 
conjugate  area  is,  therefore,  to  reduce  the  brightness  of  the  surround 
more  rapidly  than  the  brightness  of  the  particle  until  the  particle 
appears  distinctly  brighter  than  the  surround.  In  principle,  the  relative 
brightness  of  the  particle  can  be  increased  in  this  manner  until  the 
conjugate  area  is  opaque  and  the  surround  is  black  as  in  the  well-known 
Schlieren  method. 

Although  the  particle  appears  with  maximum  bright  contrast  in  the 
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Schlieren  method,  the  image  is  not  advantageous  for  the  usual  purposes 
of  microscopy  on  account  of  the  ensuing  loss  of  definition  in  the  image. 
Deterioration  in  the  definition  results  from  the  fact  that  the  image  is 
formed  by  the  deviated  wave  alone  when  the  undeviated  wave  has  been 
blocked  at  the  conjugate  area.  At  least  some  of  the  undeviated  wave 
should  be  transmitted  in  order  to  obtain  a  reasonably  good  image. 

As  a  compromise  between  the  degree  of  bright  contrast  and  definition, 
a  fairly  reliable  rule  of  thumb  is  to  add  no  more  absorbing  material  to 
the  conjugate  area  than  is  required  to  reduce  the  amplitude  of  the 
undeviated  wave  to  the  amplitude  of  the  deviated  wave.  Optimum 
useful  contrast  in  the  image  is  therefore  obtained  when  the  conjugate 
and  complementary  areas  of  the  diffraction  plate  are  coated  with  absorb- 
ing materials  to  equalize  the  amplitudes  of  the  undeviated  and  deviated 
waves  and  with  refracting  materials  to  cause  the  undeviated  and 
deviated  waves  to  interfere  constructively  or  destructively  according  as 
the  particle  appears  in  bright  or  dark  contrast.  We  have  seen  that, 
when  the  particle  differs  from  its  surround  only  in  optical  path  and  when 
the  optical  path  of  the  particle  exceeds  that  of  the  surround  by  a  small 
amount,  the  particle  appears  bright  or  dark  according  as  the  optical 
path  of  the  conjugate  or  complementary  area  is  increased  by  3^  wave- 
length.    Such  particles  are  common  in  biological  research. 

Particles  whose  optical  path  is  slightly  smaller  than  that  of  the  sur- 
round are  encountered  less  frequently.  With  such  particles  the  S  wave 
of  Fig.  II. 4  lags  behind  the  particle  P  wave  by  a  small  amount  A.  If 
the  D  wave  is  constructed  so  that  D  -{-  S  =  P,  the  required  D  wave 
leads  the  S  wave  by  almost  3^  wavelength.  Since  the  undeviated  wave 
is  now  retarded  by  J^  wavelength  with  respect  to  the  deviated  wave, 
the  two  waves  can  be  made  to  interfere  constructively  for  obtaining  a 
bright  particle  by  increasing  the  optical  path  of  the  complementary  area 
of  the  diffraction  plate  by  3^  wavelength  with  respect  to  the  optical 
path  of  the  conjugate  area,  or  the  two  waves  can  be  made  to  interfere 
destructively  for  obtaining  a  dark  particle  by  increasing  the  optical 
path  of  the  conjugate  area  by  3<C  wavelength  with  respect  to  the  comple- 
mentary area.  Contrast  in  the  image  can  be  expected  again  to  be 
optimum  when  enough  absorbing  material  is  added  to  the  conjugate 
area  to  equalize  the  amplitudes  of  the  undeviated  and  deviated  waves. 
Also  these  conclusions  drawn  from  the  simplified  theory  for  particles  of 
lower  refractive  index  than  their  surround  are  in  qualitative  agreement 
with  experiment. 

The  above  considerations  relative  to  the  phase  microscopy  of  particles 
that  differ  from  their  surround  only  by  a  small  amount  in  optical  path 
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are  worth  summarizing  as  the  following  important  and  practical  theorem 
(Theorems): 

//  the  optical  path  of  the  particle  exceeds  the  optical  path  of  its  surround 
by  a  small  amount,  the  particle  will  appear  bright  or  dark  according  as  the 
optical  path  of  the  conjugate  area  of  the  diffraction  plate  is  increased  or 
decreased  by  3^  wavelength  with  respect  to  the  optical  path  of  the  comple- 
mentary area.  If,  on  the  other  hand,  the  optical  path  of  the  surround, 
exceeds  the  optical  path  of  the  particle  by  a  small  ainount,  the  particle  will 
appear  bright  or  dark  according  as  the  optical  path  of  the  conjugate  area  is 
decreased  or  increased  by  }/i  wavelength  with  respect  to  the  optical  path  of 
the  complementary  area.  Furthermore,  the  contrast  in  the  image  is  near 
optimum  when  enough  absorbing  material  is  added  to  the  conjugate  area  to 
equalize  the  amplitudes  of  the  undeviated  and  deviated  waves  which  arise  by 
diffraction  at  the  object  specimen. 

The  practical  importance  of  this  theorem  is  enhanced  by  the  fact  that 
also  its  converse  is  true  (Theorem  4): 

//  the  particle  appears  bright  or  dark  according  as  the  optical  path  of  the 
conjugate  area  is  increased  or  decreased  by  ^  wavelength  with  respect  to 
the  complementary  area,  then  the  optical  path  of  the  particle  exceeds  the 
optical  path  of  an  equal  thickness  of  its  surround.  If,  on  the  other  hand, 
the  particle  appears  bright  or  dark  according  as  the  optical  path  of  the 
conjugate  area  is  decreased  or  increased  by  }/^  wavelength  with  respect  to  the 
optical  path  of  the  complementary  area,  the  optical  path  of  the  particle  is 
less  than  the  optical  path  of  an  equal  thickness  of  the  surround.  The 
conjugate  area  of  the  diffraction  plate  coincides  with  the  image  of  the 
opening  in  the  diaphragm  of  the  substage  condenser.  This  image  is 
projected  by  the  substage  condenser  and  the  intervening  lenses  of  the 
objective  upon  the  diffraction  plate  and  is  clearly  visible  as  the  brightly 
illuminated  area  when  the  objective  is  viewed  down  through  the  body 
tube  in  the  absence  of  the  eyepiece.  Whether  or  not  the  quarter-wave 
coating  has  been  applied  to  the  conjugate  area  or  to  the  adjacent  comple- 
mentary area  can  be  ascertained  from  the  catalogue  data  of  the  phase 
objective.  From  this  important  information  it  is  possible  to  determine 
from  the  above  theorem  whether  the  refractive  index  of  the  particle  is 
higher  or  lower  than  the  refractive  index  of  its  surround,  provided  that 
the  optical  paths  of  the  particle  and  the  surround  differ  only  slightly, 
for  example  by  %o  wavelength  or  less. 

We  have  seen  that,  as  the  optical  path  difference  A  between  the 
particle  and  the  surround  approaches  zero,  the  amplitude  of  the  deviated 
wave  approaches  zero  also.  This  means  that  in  order  to  obtain  optimum 
contrast  it  is  necessary  to  add  increasing  amounts  of  absorption  to  the 
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conjugate  area  as  A  approaches  zero.  Finally,  both  the  iindeviated  and 
deviated  waves  become  so  weak  with  diminishing  A  that  the  entire 
image  appears  dark  and  the  particle  becomes  invisible.  The  value  of  A 
at  which  the  particle  is  invisible  will  depend  on  the  intensity  of  the 
available  sources  of  light  and  on  the  amount  of  scattering  of  the  optical 
system.  With  present-day  phase  microscopes  the  particle  can  be 
rendered  visible  when  the  optical  path  difference  A  is  well  below  3-ioo 
wavelength.  It  is  advantageous  to  use  light  of  short  wavelength  as  the 
optical  path  differences  become  small. 

It  will  be  apparent  from  the  previous  paragraph  that,  even  with  the 
restricted  class  of  particles  that  differ  from  their  surround  only  by  small 
amounts  in  optical  path,  more  than  one  diffraction  plate  is  required  in 
order  to  obtain  optimum  contrast  with  particles  of  different  optical  path. 
The  series  of  diffraction  plates  will  have  conjugate  and  complementary 
areas  differing  by  the  fixed  amount  of  3^  wavelength  in  optical  path. 
However,  the  plates  will  vary  appreciably  as  regards  the  amount  of 
absorbing  material  added  to  the  conjugate  area.  Fortunately,  a  single 
diffraction  plate  serves  moderately  well  for  the  entire  practical  range  of 
small  optical  path  differences  A,  provided  that  sufficient  absorption  has 
been  added  to  its  conjugate  area.  It  is  to  be  expected  that  with  parti- 
cles whose  optical  path  difference  with  respect  to  the  surround  is  not 
small  or  with  particles  that  absorb  selectively  with  respect  to  their 
surround  the  relation  between  the  undeviated  and  deviated  waves  that 
arise  by  diffraction  at  the  object  specimen  will  vary  greatly  from  one 
particle  to  another.  Correspondingly,  the  conjugate  and  complementary 
areas  of  the  diffraction  plate  must  be  coated  differently  for  use  with  the 
various  particles  in  order  to  obtain  optimum  contrast  in  the  image.  In 
fact,  particles  exist  for  which  the  deviated  wave  is  stronger  than  the 
undeviated  wave  so  that  the  absorbing  material  has  to  be  applied  to 
the  complementary  area  of  the  diffraction  plate  in  order  to  equalize 
the  amplitudes  of  the  undeviated  and  deviated  waves  for  optimum 
contrast  in  the  image.  The  need  for  a  series  of  diffraction  plates  can 
therefore  be  seen  even  from  this  simplified  discussion  of  phase  microscopy. 

3.3.   Extension  of  the  elementary  theory  to  object  fields  contain- 
ing more  than  one  particle 

The  elementary  theory  of  phase  microscopy  is  easily  extended  to 
include  object  fields  consisting  of  more  than  one  particle.  Each  particle 
gives  rise  to  a  deviated  wave  that,  after  passage  through  the  objective, 
is  reconcentrated  upon  the  neighborhood  of  the  image  of  the  particle 
from  which  it  originated.  The  undeviated  »S'  wave  remains  substantially 
the  same  as  when  the  field  contains  but  a  single  particle.     If  the  particles 
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are  far  enough  apart  with  relation  to  the  resolving  power  of  the  objective, 
a  negligible  amount  of  overlapping  will  take  place  in  the  image  plane  of 
the  deviated  waves  that  belong  to  different  particles.  Under  these 
circumstances,  the  images  of  the  various  particles  will  be  formed  inde- 
pendently of  one  another.  The  above-described  principles  which  apply 
to  the  image  formation  of  a  single  particle  apply,  therefore,  to  the 
imagery  of  each  particle  in  a  field  consisting  of  several  well-separated 
particles.  When  the  separation  of  two  or  more  particles  becomes  so 
small  that  the  overlapping  of  their  diffraction  images  is  no  longer 
negligible,  more  general  considerations  are  required  in  order  to  under- 
stand the  resulting  image  formation. 

3.4.  Extension   of  the   elementary   theory   to   object  specimens 
having  periodic  structure 

If  a  simple  diffraction  grating  is  employed  as  the  object  specimen,  the 
troughs  of  the  grating  can  be  regarded  as  a  complex  particle  and  the 
elevations  of  the  grating  can  be  regarded  as  the  surround,  or  vice  versa. 
Provided  that  the  light  transmission  of  the  troughs  and  elevations  are 
alike,  and  provided  that  the  optical  path  difference  between  the  eleva- 
tions and  troughs  is  a  small  fraction  of  a  wavelength,  the  state  of  contrast 
between  the  geometrical  images  of  the  troughs  and  of  the  elevations  can 
be  predicted  from  the  very  same  rules  that  have  been  explained  in  the 
above  subsections  for  an  object  field  consisting  of  a  single  particle  in  a 
uniform  surround.  Suppose,  for  example,  that  the  optical  path  through 
the  elevations  of  the  grating  exceeds  the  optical  path  through  the 
troughs.  Let  us  regard  the  elevations  as  the  "particle."  The  particle, 
and  hence  the  elevations,  should  appear  brighter  or  darker  than  the 
troughs  according  as  the  optical  path  of  the  conjugate  area  is  increased 
or  decreased  with  respect  to  the  optical  path  of  the  complementary 
area  by  3^  wavelength.  Contrast  in  the  image  should  be  optimum 
when  the  amplitudes  of  the  undeviated  and  deviated  waves  have  been 
equalized  by  placing  the  absorbing  material  upon  the  conjugate  area  of 
the  diffraction  plate.  These  predictions  are  in  good  qualitative  agree- 
ment with  experiment  so  long  as  the  optical  path  difference  between  the 
elevations  and  troughs  is  small. 

The  crossed  or  double  periodic  structure  of  many  object  specimens  is 
due  to  a  lattice  arrangement  of  particles.  If  the  optical  path  of  these 
particles  exceeds  that  of  their  surround  by  a  small  amount,  the  conclu- 
sions of  the  elementary  theory  may  be  applied  to  predict  that  the 
particles  will  appear  brighter  or  darker  than  the  surround  according 
as  the  optical  path  through  the  conjugate  area  of  the  selected  diffraction 
plate  has  l)een  increased  or  decreased  by  approximately  3^  wavelength 
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with  respect  to  the  optical  path  through  the  complementary  area.  Fur- 
thermore, contrast  in  the  image  will  be  reversed  as  the  refractive  index 
of  the  surround  is  increased  from  a  value  below  that  of  the  particle 
to  a  value  slightly  higher  than  the  refractive  index  of  the  particles. 
Theorems  3  and  4  may,  therefore,  be  applied  to  a  variety  of  object 
specimens. 


Diffraction  plate 


^Condenser 
diaphragm 


Fig.  II.9.  Passage  of  the  spectral  orders  from  an  object  grating  through  the  phase 
microscope.  Only  selected  rays  of  the  zero  and  first  orders  are  shown,  in  order  to 
avoid  confusion.  In  reality  the  grating  spacing  is  much  smaller  than  illustrated. 
The  rays  of  the  zero  and  first  order  are  drawn  as  full  and  broken  lines,  respectively. 
The  lines  with  short  dashes  illustrate  that  portion  of  the  first  order  which  has  been 
deviated  upward  at  the  object  grating.  The  lines  with  long  dashes  illustrate  that 
portion  of  the  first  order  which  has  been  deviated  downward  at  the  ol)ject  grating. 
C  is  the  image  of  C  as  formed  by  the  light  in  the  zero  order.  Cj^n  is  the  image  of  C 
as  formed  by  the  higher  orders  n  =  1,  2,  3,  etc.  Note  how  the  undeviated  and 
deviated  rays  from,  for  example,  point  a  in  the  object  grating  are  focused  by  the 

objective  to  form  the  image  a'  of  a. 


3.5.  Passage  of  the  undeviated  and  deviated  waves  from  a  simply 
periodic  object  grating  through  a  phase  microscope 

It  is  highly  instructive  to  examine,  if  only  briefly,  the  paths  followed 
by  the  undeviated  and  deviated  waves  that  arise  by  diffraction  at  a 
simple  diffraction  grating  employed  as  the  object  specimen  and  which 
then  pass  through  the  phase  microscope.  Light  rays  from  a  point  C  in 
the  condenser  diaphragm  emerge  from  the  substage  condenser  as  a 
substantially  parallel  bundle  of  rays,  as  in  Fig.  II. 9.  One  portion  of  this 
bundle  of  rays  is  undeviated  by  the  grating  and  continues  through  the 
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optical  system  in  the  manner  indicated  by  the  unbroken  rays.  These 
rays  of  the  zero  spectral  order  converge  upon  the  point  C  to  form  an 
image  of  point  C  within  the  conjugate  area  of  the  diffraction  plate. 
Thereafter  the  undeviated  rays  diverge  and  spread  with  a  high  degree  of 
uniformity  over  the  plane  of  the  image.  A  second  portion  of  the  bundle 
of  rays  which  is  incident  upon  the  grating  becomes  deviated  by  diffrac- 
tion as  a  set  of  rays  which  belong  to  the  first  spectral  order.  One  of  the 
families  of  rays  which  belong  to  the  first  order  is  deviated  downward 
with  respect  to  the  undeviated  rays  of  the  zero  order;  the  second  of  the 
two  families  is  deviated  upward.  The  upward  family  of  rays  is  focused 
about  the  point  C+i';  the  downward  family  is  focused  about  the 
point  C_i'.  Points  C+i'  and  (?_/  fall  in  the  plane  of  the  diffraction 
plate  and  constitute  secondary  images  of  the  point  C  as  formed  by  the 
set  of  rays  belonging  to  the  first  spectral  order.  In  a  similar  manner 
the  rays  belonging  to  any  higher  spectral  order  n  form  secondary 
images  of  C  at  points  Cj^n  ■  Only  a  limited  number  of  the  secondary 
images  C^J  fall  within  the  clear  aperture  of  the  diffraction  plate.  For 
example,  C+2'  is  illustrated  as  blocked  by  a  limiting  diaphragm  which 
restricts  the  clear  aperture  of  the  objective.  Whenever  a  secondary 
image  produced  by  any  spectral  order  does  not  fall  within  the  clear 
aperture  of  the  objective,  the  corresponding  portion  of  this  order  is 
blocked  and  cannot  participate  in  the  image  formation  of  the  object 
specimen. 

In  the  illustration  of  Fig.  II. 9  only  the  secondary  images  C+i',  C_i', 
€-2  ,  and  C_z'  can  participate  with  the  primary  image  C"  to  determine 
by  interference  the  image  formed  in  the  plane  of  the  image.  In  Fig.  II. 9 
not  even  the  secondary  image  Cj^i'  is  complete,  for  the  first-order  ray 
emanating  from  point  h  cannot  reach  point  C+i'.  The  primary  and 
secondary  images  can  be  observed  in  a  microscope  by  placing  at  the 
plane  of  the  condenser  diaphragm  an  opaque  disk  which  contains  a 
small  opening  at  point  C  and  by  looking  down  the  body  tube  of  the 
microscope  whose  eyepiece  has  been  removed.  If  desired,  the  plane  of 
the  diffraction  plate  may  be  examined  with  the  auxiliary  telescope  which 
is  ordinarily  furnished  for  the  purpose  of  aligning  the  optical  system  of 
the  phase  microscope.  If  the  system  has  been  aligned  properly,  the 
bright  primary  image  C  of  the  zero  order  will  fall  well  within  the 
conjugate  area.  When  white  light  is  used,  the  secondary  images  will  be 
spread  into  a  spectrum  because  rays  of  longer  wavelength  suffer  the 
greater  deviation  at  the  object  grating.  Now  the  light  carried  by  the 
first  and  higher  spectral  orders  belongs  to  the  deviated  wave.  Hence 
we  see  from  the  above  considerations  and  experiments  that  in  general 
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only  a  portion  of  the  deviated  wave  succeeds  in  reaching  the  plane  of  the 
image.  One  assumption  made  in  the  elementary  theory  of  phase 
microscopy  is  that  the  entire  deviated  bundle  reaches  the  plane  of  the 
image. 

The  separations  C^„',  C  increase  with  decreasing  spacing  of  the  lines 
of  the  object  grating,  and  conversely.  If,  therefore,  the  lines  of  the 
grating  are  suitably  spaced,  points  C+i'  and  C_i'  will  fall  in  the  comple- 
mentary area.  But  with  relatively  coarse  gratings  it  is  possible  that 
one  or  both  of  points  C+i'  and  C_i'  may  fall  within  the  conjugate  area. 
With  an  unfortunately  spaced  fine  grating  it  is  possible  that  point  C_-/ 
may  escape  the  portion  of  the  conjugate  area  which  is  adjacent  to  C, 
only  to  fall  into  another  portion  of  the  conjugate  area  near  point  B.  In 
such  special  cases  another  diffraction  plate  whose  conjugate  area  is 
located  elsewhere  must  be  selected  in  order  to  meet  the  physical  require- 
ments for  obtaining  phase  microscopy.  In  Fig.  II. 9  the  secondary 
spectral  image  C_2'  is  illustrated  as  falling  within  the  conjugate  area. 
Although  such  an  occurrence  can  be  expected  to  impair  contrast  in  the 
image,  its  effect  is  not  likely  to  be  serious.  If  the  conjugate  area  is  made 
very  narrow,  the  likelihood  that  any  point  Cj.,/  will  fall  within  the 
conjugate  area  becomes  so  small  that  the  first  or  higher  spectral  orders 
may  be  said  to  pass  through  the  complementary  area.  A  second  assump- 
tion of  the  elementary  theory  is  then  fulfilled.  In  fact,  the  method  of 
phase  microscopy  hinges  upon  the  physical  possibility  of  complete  or 
partial  separation  of  the  undeviated  and  deviated  spectral  orders  at  the 
conjugate  and  complementary  areas  of  the  diffraction  plate,  whether 
these  orders  are  determined  by  diffraction  at  an  object  grating  or  at  some 
other  object  specimen. 

It  will  be  noted  that  the  undeviated  and  deviated  rays  which  leave  a 
particular  point  in  the  object  grating,  for  example  point  a,  are  refocused 
about  the  corresponding  image  point  a'.  It  is  seen  how  the  undeviated 
rays  pass  through  the  conjugate  area,  how  the  deviated  rays  spread  over 
the  complementary  area,  and  how  these  rays  (and  hence  the  undeviated 
and  deviated  waves)  overlap  in  the  plane  of  the  image  to  form  the 
image  a'  of  a. 

If  the  object  grating  is  remo\'ed,  there  will  be  no  deviated  rays. 
Conseciuently,  the  light  incident  upon  the  object  plane  obeys  the  laws  of 
geometrical  optics  and  passes  only  through  the  conjugate  area.  For 
this  reason,  it  is  preferable  to  remove  the  object  specimen  in  aligning  the 
phase  microscope.  If  the  object  specinlen  is  allowed  to  remain  on  the 
stage,  specimens  such  as  gratings,  diatoms,  and  paramecia  are  likely 
to  deviate  so  much  light  into  the  complementary  area  that  accurate 
alignment  of  the  instrument  becomes  difficult  or  impossible. 
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4.  REPRESENTATION  OF  THE  AMPLITUDE  AND  PHASE  BY  COMPLEX 
NUMBERS 

The  laws  expressed  verbally  and  graphically  in  the  preceding  section 
can  be  formulated  more  elegantly  and  comprehensively  by  stating  the 
interference  phenomena  which  take  place  between  the  undeviated  and 
deviated  waves  either  in  terms  of  the  trigonometric  functions,  as  in  a 
recent  paper  by  Keck  and  Brice  (1949),  or  in  terms  of  the  equivalent 
complex  numbers.  Complex  numbers  are  preferred  because  they  are 
more  readily  multiplied  or  added  than  the  trigonometric  functions. 

The  undeviated  and  de\'iated  waves  are  vectors  whose  complete 
specifications  include  direction,  phase,  and  amplitude  of  vibration.  The 
direction  of  vibration  may  be  ignored  because  all  portions  of  a  wave  train 
which  is  emitted  by  the  source  of  light  continue  to  vibrate  in  the  same 
direction  as  the  wave  train  traverses  the  object  specimen  and  the  optical 
system  of  a  phase  microscope.  Within  the  scope  of  an  elementary 
treatment  of  phase  microscopy  the  direction  of  vibration  of  the  wave 
train  has  no  influence  upon  the  character  of  the  image.  It  is,  however, 
necessary  to  bear  in  mind  that  the  undeviated  and  deviated  waves  both 
originate  and  recombine  as  two  simple  harmonic  motions  oscillating  in 
the  same  straight  line. 

A  number  z  of  the  form 

z  =  X  -\-  iy,  (4.1) 

in  which  x  and  y  are  real  numbers  and  i  =  (  —  1)',  is  called  a  complex 
number,  x  and  y  are  called  the  real  and  imaginary  parts  of  the  complex 
number  z.     The  absolute  value  of  z  is  denoted  by  l^l  and  is  defined  as 

\z\  =   (^2  +  7/2)*.  '  (4.2) 

The  square  of  the  absolute  value  of  a  complex  number  is  equal  to  the 
sum  of  the  squares  of  its  real  and  imaginary  parts.  The  complex 
number  z  can  be  represented  geometrically  as  the  vector  OP  drawn 
from  0  to  F  in  the  rectangular  coordinate  system  XY  of  Fig.  11.10.  The 
direction  of  the  vector  OP  is  specified  by  means  of  its  angular  rotation  6. 
It  will  be  noted  that  {x"  -}-  y~)'  =  \z\  is  equal  to  the  length  or  amplitude  a 
of  the  vector  OP.  The  absolute  value  of  a  complex  number  is  therefore 
equal  to  the  amplitude  of  the  complex  number. 

As  indicated  in  Fig.  11.10,  x  =  a  cos  d  and  y  =  a  sin  d.  If  these 
values  of  x  and  y  are  substituted  into  Eq.  4.1,  the  complex  number  z 
assumes  the  polar  form 

z  =  a(cos  d  -\-  i  sin  6).  (4.3) 
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By  definition 


e"^  =  cos  0  +  i  sin  d) 
e~'^  =  cos  0  —  i  sin  0. 

Hence  any  complex  number  can  be  written  in  the  form 


z  =  a  (cos  d  -\-  i  sin  6) 


ae 


(4.4) 
(4.5) 

(4.6) 


in  which  a  is  the  amphtude  and  d  is  the  argument  or  phase  of  the  complex 
number.     Equation  4.6  states  the  two  forms  of  complex  numbers  as  we 


a  sin  6 


Fig.  11.10.     Representation  of  a  complex  number 
z  =  X  +  iy  =  o(cos  9  +  i  sin  d)  as  a  vector  OP  in  the  XY  plane. 

shall  use  them  in  the  theory  of  phase  microscopy.     It  is  worth  noting 
that 

z  =  a  when  6  =  0; 

z  =  —a  when  0  =  tt;  (4.7) 

z  =  ±ia  according  as  0  =  db7r/2. 

Suppose  that  we  are  given  two  complex  numbers  z  in  the  form 

zi  =  ai(cos0i  +  ?'sin0i); 

■22  =  a2(cos  02  +  i  sin  62). 

The  rule  of  addition  is 

zi  -\-  Z2  =  (ai  cos  ^1  +  a2  cos  ^2)  +  ^'(c^i  sin  di  +  02  sin  62).        (4.8) 

To  add  two  complex  numbers,  add  their  real  parts  and  their  imaginary 
parts. 

In  order  to  multiply  two  complex  numbers,  it  is  more  convenient  and 
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significant  to  write  them  in  their  exponential  forms: 

Zl    -   ttiC 


22  =  a2e^^^. 


Then,  just  as 
so  also 


hie^^'-ho^^'^^  =  hih2e"'^^'+^^\ 


Z1Z2  =  aia2<'''^^'+^-\  (4.9) 

To  multiply  two  complex  numbers,  multiply  their  amplitudes  and  add 
their  phases. 
Furthermore, 

^  =  ^e^(«i-e2),  (410) 

Z2  0-2 

To  divide  two  complex  numbers,  divide  their  amplitudes  and  subtract 
their  phases. 

The  above  elementary  properties  of  complex  numbers  suffice  for  the 
purposes  of  an  elementary  theory  of  phase  microscopy.  The  reader  to 
whom  complex  numbers  are  new  should  not  attempt  to  attach  any 
significance  to  a  complex  number  beyond  the  definition  of  a  complex 
number,  together  with  its  amplitude  and  phase,  and  beyond  the  rules  of 
addition  and  multiplication  of  two  complex  numbers.  It  is  natural  to 
use  complex  numbers  in  treating  the  interference  between  two  waves  or 
the  passage  of  a  wave  through  a  diffraction  plate  for  the  following  reasons : 

1.  The  amplitude  and  phase  of  a  wave  are  exactly  analogous  to  the 
amplitude  and  phase  of  a  complex  number. 

2.  The  interference  between  two  waves  of  different  amplitude  and 
phase  is  exactly  analogous  to  the  addition  of  two  complex  numbers. 

3.  The  alteration  of  the  amplitude  and  phase  of  a  wave  upon  passing 
through  a  medium,  for  example  the  diffraction  plate,  is  exactly  analogous 
to  the  multiplication  of  two  complex  numbers  one  of  w^hich  represents 
the  amplitude  and  phase  of  the  incident  wave  and  the  other  of  which 
represents  the  amplitude  and  phase  transmission  of  the  medium. 

The  first  analogy  is  self-evident.  With  respect  to  the  second  analogy, 
let  the  amplitude  and  phase  of  the  two  interfering  waves  be  denoted  by 
the  complex  numbers  zi  =  Uic'^^  and  22  =  0,2^'^''  and  let  the  vectors 
representing  zi  and  22  be  drawn  upon  the  XY  plane  as  in  Fig.  11.11. 
The  parallelogram  construction  for  finding  the  amplitude  a  and  the 
phase  angle  6  of  the  complex  number  2  which  is  equal  to  the  sum  of  the 
complex  numbers  21  and  22  will  be  recognized  as  identical  with  the 
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parallelogram  method  for  finding  the  resultant  of  two  different  simple 
harmonic  motions  oscillating  in  the  same  straight  line.  If,  therefore,  the 
amplitudes  and  phases  of  two  interfering  waves  are  represented  by  two 
complex  numbers  Zi  and  Z2,  the  amplitude  and  phase  of  the  resultant 
wave  is  given  by  the  complex  number  which  is  equal  to  the  sum  of  the 
complex  numbers  Zi  and  Z2.  With  respect  to  the  third  analogy,  let  the 
amplitude  and  phase  of  the  wave  which  is  incident  upon  a  medium  be 
represented  by  the  complex  number  zi  =  aie'^^,  and  let  the  amplitude 


Fig.  11.11.     Geometrical  representation  of  the  sum  ze^^  of  two  complex  numbers 


zi  =  aie*^i  and  22 


(126 


162 


and  phase  transmission  of  the  medium  be  represented  by  the  complex 
number  22  =  02^'^"-  ^2  is  then  the  optical  path  of  the  medium  expressed 
in  radians  instead  of  wavelengths.  Now  it  is  a  well-known  experi- 
mental fact  that,  when  an  incident  wave  of  amplitude  Ui  and  phase  di 
has  passed  through  a  medium  of  amplitude  transmission  02  and  phase 
transmission  62,  the  amplitude  of  the  emergent  wave  is  aia2  and  the 
phase  of  the  emergent  wave  is  di  +  62.  If  we  now  represent  the 
emergent  wave  by  the  complex  number  z  =  ae'^,  experiment  requires 
that 

z  =  ae'^  =  aia2e''^^i+^2)  =  aie'^'-a2e'^\  (4.11) 

The  complex  number  describing  the  amplitude  and  phase  of  the  emergent 
wave  is  therefore  given  by  the  product  of  the  complex  numbers  rep- 
resenting the  amplitude  and  phase  of  the  incident  wave  and  the  ampli- 
tude and  phase  transmission  of  the  medium. 

5.  VISUAL  EFFECT  PRODUCED  BY  A  COMPLEX  WAVE 

Light  waves  vibrate  so  rapidly  that  the  eye  is  not  able  to  follow  the 
instantaneous  values  of  the  electric  vector  but  can  detect  only  the  time 
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average  of  the  energy  density  associated  with  the  wave.  The  instan- 
taneous state  of  vibration  of  a  wave  can  also  be  represented  by  a  complex 
number  z  which  includes  the  time  /  and  the  period  T  of  a  complete 
vibration  in  accordance  with  the  relation 

2  =  ae"'(^'"'').  (5.1) 

Alternately, 

z  =  ae~^e''^.  (5.2) 

In  these  equations  a  is  the  amplitude  of  the  wave  and  </>  is  the  phase 
angle  or  jihase  retardation..  It  follows  from  Eq.  4.6  that  the  time 
factor  e~'^'^'^''^  assumes  the  same  value  each  time  t  is  increased  by  the 
period  T.  The  vibration  described  by  Eq.  5.1  or  5.2  is  therefore 
periodic. 

It  will  be  noted  that  the  phase  retardation  0  appears  with  the  positive 
sign  in  the  phase  factor  e+^*  of  Eq.  5.2.  We  see  from  Eq.  5.1  that,  if 
the  phase  retardation  0  or  optical  path  is  increased,  /  will  have  to  be 
increased  in  order  to  leave  the  state  of  vibration  represented  by  z  un- 
affected. This  means  physically  that,  if  we  increase  the  optical  path 
of  a  medium,  it  will  take  the  wave  a  longer  time  to  present  to  the 
observer  a  preassigned  state  of  vibration.  In  other  words,  a  given 
portion  of  the  wave  train  arrives  at  a  later  moment.  Accordingly, 
the  phase  retardation  4>  will  be  considered  henceforth  as  positive  when 
it  corresponds  to  an  increase  in  the  optical  path,  and  the  phase  retarda- 
tion will  be  preceded  by  -\-i  in  the  phase  factor  e"^**. 

The  time  average  of  the  energy  density  produced  by  the  wave  is 
proportional  to  \z\'^.  It  is  often  convenient  in  manipulating  complex 
numbers  z  from  eciuations  of  the  type  of  Eq.  5.2  to  write  \z\  in  its  ex- 
panded form: 


Ul  =  a|e-^"'/n  W^l  (5-3) 


Since 


W 


1^  =  [cos  6  +  i  sin  df  =  cos^  6  +  sin^  0=1, 

where  6  is  equal  to  </>  or  —2irt/T, 

\z\'  =  a\  (5.4) 

The  average  energy  density  is  therefore  proportional  to  the  square  of 
the  amplitude  a.  With  rapid  vibrations  the  eye  can  detect  only  the 
average  energy  density  as  given  by  Eq.  5.4.  Since  brightness  is  pro- 
portional to  the  average  energy  density,  we  conclude  that  the  brightness 
is  proportional  to  the  square  of  the  amplitude  of  the  complex  number 
which  represents  the  amplitude  and  phase  of  the  image-producing  light 
wave. 
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6.  REPRESENTATION  OF  THE  UNDEVIATED  AND  DEVIATED  WAVES 

It  will  be  noted  from  Fig.  II. 5  that  the  light  radiated  from  a  point  C 
in  the  condenser  diaphragm  passes  through  the  object  specimen  ob- 
liquely. With  extended  sources  of  light  most  of  the  light  is  necessarily- 
incident  obliquely  upon  the  object  plane.  This  obliquity  is  usually 
ignored  in  the  elementary  discussions  of  phase  microscopy,  but  even  a 
simplified  explanation  should  take  into  account  the  large  phase  varia- 


Normal  N 


Incident  wave  front  W 


Fig.  11.12.      The  incidence  of  an  arbitrarily  inclined  wave  front  W  upon  the  ob- 
ject plane  XqYo.     The  polar  angle  do  and  the  azimuthal  angle  ao  of  the  normal  N 

to  the  wave  front  are  arbitrary. 


tions  introduced  bj'^  the  inclination  of  the  wave  fronts  which  illuminate 
the  object  specimen.  The  incidence  of  an  inclined  wave  front  upon  the 
object  plane  XqYq  is  illustrated  in  Fig.  11.12.  It  is  sufficient  to  select 
a  wave  front  that  intersects  the  object  plane  along  the  Xq  axis  and  to 
consider  the  simpler  orientation  of  Fig.  11.13. 

The  amplitude  of  the  incident  wave  front  will  be  taken  as  unity  and 
its  phase  retardation  0  as  zero,  so  that  the  number  unity  represents  the 
amplitude  and  phase  along  the  incident  wave  front.  Because  the  wave 
front  is  inclined  at  an  angle  ^o  with  respect  to  Fq,  the  inclined  wave  front 
induces  a  variable  phase  distribution  along  the  Yq  direction  in  the  object 
plane.  The  wave  front  that  intersects  a  point  yo  will  be  a  wave  front 
which  is  parallel  to  W  but  which  belongs  to  a  slightly  earlier  portion 
of  the  incident  wave  train.  The  phase  of  the  wave  disturbance  at 
yo  =  yo  is  therefore  advanced  with  respect  to  the  wave  disturbance 
present  at  yo  =  0.  Since  d  =  yo  sin  do,  the  optical  path  difference 
d  is  noyo  sin  Oq/X  wavelengths  or  2Tnioyo  sin  Qq/X  radians.     Let  all 
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distances  be  measured  in  wavelengths  and  let 

sin  ^0  =  Po- 
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(6.1) 


The  optical  path  difference  along  d  is  then  27rno?/oPo  radians,  where  no 
is  the  refractive  index  of  the  object  space.  The  wave  disturbance  in- 
cident at  I/O  =  yo  is  therefore  advanced  by  2TrnoyoPo  radians  with  respect 
to  the  wave  disturbance  incident  at  yo  =  0.     In  accordance  with  the 
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Fig.  11.13.  Reorientation  of  the  Xo  direction  so  that  the  incident  wave  front  W 
intersects  the  A'o  axis.  The  azimuthal  angle  ao  is  then  zero,  ge^-^  is  a  complex  num- 
ber which  specifies  the  amplitude  and  phase  transmission  of  the  particle  relative  to 

the  surround. 

convention  adopted  with  respect  to  the  phase  factor  p"^"*  in  Eq.  5.2,  0 
is  negative  when  it  represents  an  advance  in  phase.     Hence 

0  =  — 27r/)o2/oPo-  (6.2) 

If  we  now  let  w  denote  the  amplitude  and  phase  of  the  incident  wave 
disturbance  which  is  in  actual  contact  with  the  object  plane, 

We  shall  refer  henceforth  to  w  as  the  incident  wave.  It  is  to  be  dis- 
tinguished from  the  inclined  wave  front  W  which  we  shall  henceforth 
ignore. 

Several  advantages  are  gained  without  any  essential  loss  of  generality 
by  representing  the  amplitude  and  phase  transmission  of  the  medium 
surrounding  the  particle  by  the  number  unity,  provided  that  the  sur- 
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rounding  medium  is  uniform  optically.  The  particle  will  be  assumed  to 
be  optically  uniform  also.  As  indicated  in  Fig.  11.13,  the  relative 
amplitude  and  phase  transmission  of  the  particle  may  now  be  represented 
by  the  complex  number  ge^^.  g  is  physically  the  ratio  of  the  amplitude 
transmission  of  the  particle  to  the  amplitude  transmission  of  an  equal  thick- 
ness of  the  surround,  and  A  is  the  difference  between  the  optical  path  of  the 
particle  and  the  optical  path  of  an  equal  thickness  of  the  surround,  with 
A  expressed  in  radians  and  considered  positive  when  the  optical  path  of 
the  particle  exceeds  that  of  the  surround. 

In  describing  the  undeviated  and  deviated  waves  which  arise  by 
diffraction  at  the  object  specimen,  we  have  only  to  retrace  in  a  more 
cjuantitative  manner  the  steps  already  taken  in  Section  3.  A  portion 
of  the  incident  wave  iv,  with  amplitude  and  phase  described  by  Eq.  6.3, 
passes  through  the  surround  and  is  designated  as  the  S  wave.  The 
second  portion  of  the  wave  w  passes  through  the  particle  and  is  designated 
as  the  P  wave.  The  P  wave  is  then  broken  into  two  waves,  one  of 
which  is  identical  with  the  S  wave  and  the  other  of  which  is  designated 
as  the  D  wave.  The  incident  w  wave  may  therefore  be  regarded  as 
broken  by  diffraction  into  an  S  wave  which  extends  over  the  whole 
object  plane  and  into  a  D  wave  which  extends  over  the  neighborhood 
of  the  particle.  The  extended  S  wave  was  shown  to  have  the  properties 
of  the  undeviated  wave,  and  the  D  wave  was  shown  to  have  the  prop- 
erties of  the  deviated  wave.  Since  the  amplitude  and  phase  transmis- 
sion of  the  surround  is  represented  by  the  complex  numljer  unity,  the 
incident  w  wave  emerges  from  the  surround  with  amplitude  phase  which 
we  describe  by  the  complex  number  S  and  which  obeys  the  relation 

Since  the  amplitude  and  phase  transmission  of  the  particle  is  represented 
by  the  complex  number  ge'^^,  the  incident  w  wave  emerges  from  the 
particle  with  the  amplitude  and  phase  which  we  represent  by  the  com- 
plex number  P  and  which  obeys  the  relation 

p  =  wge'^  =  ^e'-^e-2Tmo2/opo_  (65) 

Breaking  the  P  wave  into  an  *S'  wave  and  a  D  wave  is  equivalent  to  the 
statement  that  P  =  S  -{-  D  or  that 

£)    _    p    _    ^'    _    ^g'Ag— 27ri«o2/opo    _   g— 27rmo2/OPO 

whence 

D   =  e-2^i^02/0P0(^giA   _   ^y  (g  g) 

In  summary,  the  relative  amplitude  and  phase  of  the  undeviated  and 
deviated  waves  as  they  emerge  from  the  object  specimen  are  given  re- 
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spectively  by  the  equations 

in  which  U  and  D  are  complex  numbers  which  will  be  used  henceforth 
in  referring  to  the  undeviated  and  deviated  waves,  respectively.  It 
will  be  noted  that  the  phase  factor  (^-'^^"'oynpo  ^yhJch  arises  from  the 
inclination  of  the  incident  wave  front  is  common  to  both  the  undeviated 
and  the  deviated  wave. 

7.  REPRESENTATION  OF  THE  MODIFIED  UNDEVIATED  AJ\D  DEVIATED 
WAVES 

The  relative  amplitude  and  phase  of  the  undeviated  and  deviated 
waves  is  given  by  Eqs.  6.7  and  6.8  as  these  waves  emerge  from  the  object 
plane.  In  a  standard,  highly  corrected  microscope  these  waves  are 
transported  to  the  conjugate  image  plane  without  further  relative  modi- 
fication other  than  a  loss  of  the  more  steeply  inclined  portion  of  the 
deviated  bundle  of  rays.  Let  the  plate  which  supports  the  coating 
material  of  the  diffraction  plate  be  regarded  as  a  component  part  of  a 
fully  corrected  microscope  objective,  and  let  the  optical  path  from  the 
object  to  the  image  plane  be  T^  radians.  In  the  absence  of  any  coating 
material  on  the  dift'raction  plate,  the  undeviated  and  deviated  waves 
then  arrive  at  the  image  plane  with  relative  amplitude  and  phase  given 
by 

D  =  giV^-2^imyopo^ggiA  _  ly  (j  2) 

It  has  been  seen  in  Section  3  that  the  undeviated  and  deviated  waves 
pass  through  the  conjugate  and  complementary  areas  of  the  diffraction 
plate,  respectively.  Let  the  amplitude  and  phase  transmission  of  the 
conjugate  area  and  of  the  complementary  area  be  represented  by  the 
complex  numbers  hoe'^^  and  /iie'^S  respectively.  In  the  presence  of 
coating  materials  on  the  diffraction  plate  the  undeviated  and  deviated 
waves  will  now  arrive  at  the  image  plane  with  amplitude  and  phase 
determined  by  the  equations 

U  ^  e^  V-"''^"'^o''%e''^0;  (7.8) 

D  =  e'V-"':'^o^o'"'(^.e^^_-  l)/iie^"\  (7.4) 

These  equations  are  obtained  by  multiplying  the  right-hand  members 
of  Eqs.  7.1  and  7.2  by  /ioe'^°  and  /?ie'^',  respectively.  When  ho  =  hi  =  1 
and  6o  =  5i  =  0,  the  conjugate  and  complementarj^  areas  of  the  dif- 
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fraction  plate  are  uncoated  and  Eqs.  7.3  and  7.4  reduce  to  Eqs.  7.1  and 
7.2  which  apply  to  the  standard  microscope. 

To  find  the  resulting  amplitude  and  phase  over  the  image  of  the 
surround  and  over  the  image  of  the  particle,  we  recall  that  the  undeviated 
wave  is  spread  over  the  entire  plane  of  the  image  and  that  the  undeviated 
and  deviated  waves  overlap  on  the  neighborhood  of  the  geometrical 
image  of  the  particle.  Let  S'  and  P'  be  complex  numbers  representing 
the  amplitude  and  phase  of  the  resultant  wave  over  the  geometrical 
image  of  the  surround  and  the  particle,  respectively.     Then 

S'  =  U  =  e^'^'£>-2'^''^«^«''%e'*«  (7.5) 

because  the  geometrical  image  of  the  surround  is  illuminated  by  the 
undeviated  wave  only;  and 

P'  ^  U  ^  D  =  e' V2^'''"^'"'o[/ioe'*''  +  (ge'^  -  \)he'^']        (7.6) 

because  the  undeviated  and  deviated  waves  interfere  as  U  +  D  over  the 
geometrical  image  of  the  particle.  By  factoring  out  /iie'^^  from  the 
right-hand  members  of  Eqs.  7.5  and  7.6  and  by  defining 

hi  e  ^       All 
we  find  that 

S'  =  (e*'V2^^""^'""'/iie^'^0/ie'^  (7-8) 

p'  =  {e'^'e-^''''''^'>'%ie'^'){he'^  +  ge'^  -  1).  (7.9) 

In  summary,  Eqs.  7.8  and  7.9  describe  the  amplitude  and  phase  dis- 
tribution produced  over  the  image  plane  of  a  phase  microscope  by  the 
incidence  upon  the  object  plane  of  a  single,  inclined  wave  front  whose 
orientation  is  that  of  Fig.  11.13  with  po  =  sin  do-  g  is  the  ratio  of  the 
amplitude  transmission  of  the  particle  to  the  amplitude  transmission  of 
its  surround.  A  is  the  optical  path  difference  in  radians  between  particle 
and  surround.  V  is  the  optical  path  in  radians  from  the  object  plane 
to  the  image  plane,  hi  and  5i  are,  respectively,  the  amplitude  and 
phase  transmission  of  the  complementary  area  of  the  diffraction  plate. 
It  follows  from  the  definition  of  Eq.  7.7  that  h  is  physically  the  ratio  of 
the  amplitude  transmission  of  the  conjugate  area  to  the  amplitude  trans- 
mission of  the  complementary  area  and  that  8  is  physically  the  optical  path 
difference  between  the  conjugate  and  complementary  areas.  8  is  measured 
in  radians  and  is  considered  positive  when  the  optical  path  of  the  conjugate 
area  exceeds  that  of  the  complementary  area. 

The  manner  in  which  he'^  enters  into  Eqs.  7.8  and  7.9  shows  that  the 
amplitude  ratio  h  and  the  phase  difference  5  are  the  essential  properties 
of  the  diffraction  plate.     This  follows  because  the  complex  number  in 
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parentheses  in  Eqs.  7.8  and  7.9  is  common  to  *S'  and  P'  and  so  does  not 
alter  the  relative  amplitude  and  phase  of  the  wave  S'  which  reaches  the 
image  of  the  surround  and  the  resultant  wave  P'  which  reaches  the 
image  of  the  particle. 

Let  M  denote  the  magnification  of  the  objective  in  focusing  the  XqYq 
plane  into  the  image  plane  XY.     Then  y  =  Myo  so  that 

^—•ZirinoyopO   _   g—2irinopo(y  I M)  /y  ^q\ 

The  appearance  of  the  phase  factor  of  Eq.  7.10  in  Eqs.  6.7  and  6.8  and 
in  Eqs.  7.8  and  7.9  is  consistent  with  Lummer's  theorem  for,  according 
to  this  theorem,  phase  variations  produced  over  the  object  plane  are 
reproduced  over  the  image  plane.  A  closer  comparison  of  Eqs.  6.7  and 
6.8  and  Eqs.  7.8  and  7.9  shows  that  not  all  amplitude  and  phase  varia- 
tions produced  over  the  object  plane  are  reproduced  over  the  image 
plane  except  in  the  trivial  case  h  =  1  and  5  =  0  in  which  the  phase 
microscope  degenerates  into  the  ordinary  idealized  microscope.  Depend- 
ing, therefore,  on  the  choice  of  the  properties  h  and  8  of  the  diffraction 
plate  relative  to  the  properties  g  and  A  of  the  object  particle,  contrast 
in  the  image  can  be  made  to  depart  considerably  from  the  contrast 
predicted  from  Lummer's  theorem.  We  are  now  in  a  position  to  discuss 
quantitatively  within  the  scope  of  the  elementary  theory  the  contrast 
variations  which  are  possible  in  a  phase  microscope  for  a  variety  of 
object  specimens. 

8.  DISTRIBUTION  OF  ENERGY  DENSITY  OVER  THE  IMAGE  PLANE 

The  energy  density  produced  over  the  image  of  the  surround  by  the 
light  in  the  incident  wave  front  of  Fig.  IL13  is  proportional  to  |*S'|^ 
with  S'  given  by  Eq.  7.8.     Since  *S'  can  be  written  in  the  form 

and  since  the  absolute  value  of  the  exponential  is  unity, 

|^'|2  =  h,'h\  (8.1) 

Similarly  the  energy  density  over  the  image  of  the  particle  is  propor- 
tional to  \P'\'^  with 

Therefore 

|p/|2   ^    |g/(y+Si-2,rm02/0P0)|2;^^2|;jgt5  _|_  ^giA   _   ;^|2 

or 

\P'\-  =  hi'\he'^ -^  ge'^  -  l\'\  (8.2) 
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We  see  at  once  that  the  average  energy  density  produced  over  the 
image  plane  by  the  incidence  of  a  single  inclined  wave  front  which  origi- 
nates from  a  point  in  the  opening  of  the  condenser  diaphragm  is  inde- 
pendent of  the  inclination  of  the  wave  front,  of  the  optical  path  V 
between  the  object  and  image  planes,  and  of  the  phase  transmission  3i. 
Since  the  distribution  of  the  energy  density  does  not  depend  on  the  inclina- 
tion of  the  incident  wave  front,  the  light  radiated  from  all  points  in  the 
opening  of  the  condenser  diaphragm  serves  only  to  increase  the  total  energy 
density  in  the  image.  Hence  the  brightness  of  the  image  of  the  surround 
and  particle  will  be  proportional  to  \S'\^  and  |P'|",  respectively,  with 
\S'\^  and  |P'|2  determined  from  Eqs.  8.1  and  8.2. 

In  order  to  avoid  confusion,  let  us  henceforth  denote  the  total  energy 
density  in  the  image  plane  by  G  and  let  Gs  and  Gp  refer  to  the  total 
energy  density  over  the  image  of  the  surround  and  of  the  particle,  re- 
spectively.    Then 

Gs  =  hi'^h^;  (8.3) 

Gp  =  hi^\he'^  +  ge'^  -  l\^.  (8.4) 

If  desired,  Gg  and  Gp  can  be  interpreted  as  the  brightness  of  the  image 
of  the  surround  and  particle,  respectively.     Now 

he'^  +  ge'^  -  1  =  (/i  cos  5  +  ^  cos  A  -  1)  +  ^■(/^  sin  5  +  ^  sin  A).    (8.5) 

Since  the  square  of  the  absolute  value  of  a  complex  number  is  equal  to 
the  sum  of  the  squares  of  its  real  and  imaginary  parts, 

\he'^  +  ge'^  -  l\'^  =  {h  cos  5  +  ^  cos  A  -  1)^ 

+  ihsind  +g  sin  A)^.     (8.6) 

In  summary,  from  Eqs.  8.3,  8.4,  and  8.6 

Gs  =  hrh-;  .  (8.7) 

Gj,  =  hi-\{h  cos  5  +  ^  cos  A  -  1)2  +  (/i  sin  5  +  ^  sin  A)^];     (8.8) 

in  which  Gg  and  Gp  are  proportional  to  the  total  energy  density  or  bright- 
ness of  the  image  of  the  surround  and  of  the  particle,  respectively,  g 
is  the  ratio  of  the  amplitude  transmission  of  the  particle  to  the  amplitude 
transmission  of  its  surround.  A  is  the  optical  path  difference  between 
the  particle  and  the  surround,  measured  in  radians  and  considered 
positive  when  the  optical  path  of  the  particle  exceeds  that  of  the  sur- 
round, h  is  the  ratio  of  the  amplitude  transmission  of  the  conjugate 
area  of  the  diffraction  plate  to  the  amplitude  transmission  of  the  com- 
plementary area  of  the  diffraction  plate.  5  is  the  optical  path  difference 
between  the  conjugate  and  complementary  areas.     3  is  measured  in 
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radians  and  is  considered  positive  when  the  optical  path  of  the  conjugate 
area  exceeds  that  of  the  complementary  area,  hi  is  the  amplitude  trans- 
mission of  the  complementary  area  of  the  diffraction  plate.  The  numeri- 
cal value  of  hi  does  not  affect  the  relative  value  of  Gg  and  Gp,  and  hence 
the  contrast  in  the  image.  In  fact  one  may  usually  set  hi  =  1  without 
any  essential  loss  of  generality. 

Equations  8.7  and  8.8  are  the  most  general  equations  of  phase  micros- 
copy within  the  scope  of  the  simplified  theory  of  phase  microscopy. 
These  equations  contain  the  logical  consequences  which  follow  from  the 
assumptions  involved  in  Zernike's  vector  model  for  phase  microscopy. 
These  equations  may  be  used  to  calculate  Gg/hi^  and  Gp/hi^  when  the 
properties  g  and  A  of  the  particle  and  the  properties  h  and  5  of  the  dif- 
fraction plate  are  assigned  particular  values.  When  Gg  and  Gp  have 
been  computed,  the  contrast  ratios  Gp/Gg  or  (Gg  —  Gp)/Gg  may  be  com- 
puted also.  Explicit  formulas  for  these  contrast  ratios  will  not  be 
given. 

9.  CONDITION  FOR  DARKEST  CONTRAST  OF  THE  PARTICLE 

The  particle  is  said  to  appear  in  dark  or  bright  contrast  according  as 
the  particle  appears  darker  or  brighter  than  its  surround.  At  darkest 
possible  contrast  the  particle  appears  to  be  black  and  Gp  =  0  in  Eq.  8.8. 
We  suppose  that  the  relative  amplitude  transmission  g  and  the  optical 
path  difference  A  are  assigned  and  that  it  is  desired  to  find  the  values 
h  and  6  which  the  diffraction  plate  must  have  in  order  that  Gp  =  0.  It 
is  supposed  that /ii  =  1.  Since  the  two  squared  terms  in  the  right-hand 
member  of  Eq.  8.8  are  never  negative,  the  condition  for  Gp  =  0  is  that 

h  cos  5  +  ^  cos  A  —  1  =  0; 

/i  sin  5  +  ^  sin  A  =  0.  (9.1) 

These  form  a  pair  of  simultaneous  equations  for  determining  h  and  5 
from  g  and  A,  or  vice  versa.     The  solution  for  h  and  b  is 

/i  =  (1  -  2g  cos  A  +  ^2)^  .  (^92) 

-g  sin  A 
(1  -  2g  cos  A  +  g'Y 


sin  5  = -^zzr^r^^^k  ;  (9-3) 


I  —  g  cos  A 

cos  8  =  -; ^-T  •  (9.4) 

(1  -  2^cos  A +  r)' 

Equations  9.2-9.4  are  the  conditions  for  darkest  contrast  in  the  image 
of  the  particle,  h  is  the  ratio  of  the  amplitude  transmission  of  the  con- 
jugate area  to  the  amplitude  transmission  of  the  complementary  area. 
5  is  the  optical  path  difference  in  radians  or  in  degrees  between  these  two 
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areas  of  the  diffraction  plate  and  is  considered  positive  when  the  optical 
path  through  the  conjugate  area  exceeds  that  through  the  comple- 
mentary area,  g  is  the  ratio  of  the  amplitude  transmission  of  the  particle 
to  the  amplitude  transmission  of  the  surround.  A  is  the  optical  path 
difference  in  radians  or  degrees  between  the  particle  and  its  surround 
and  is  considered  positive  when  the  optical  path  through  the  particle 
exceeds  that  through  an  equal  thickness  of  the  surround.  It  is  impor- 
tant to  note  from  Eqs.  9.2-9.4  that  it  is  always  possible  to  finda  diffraction 
plate  for  which  a  microscopic  particle  appears  black  or  at  least  darkest 
in  the  event  that  scattering  of  light  cannot  be  neglected. 


10.  DARKEST     CONTRAST     WITH     PARTICLES     WHOSE     AMPLITUDE 
TRANSMISSION  IS  EQUAL  TO  THAT  OF  THE  SURROUND 

In  a  broad  class  of  particles  which  includes  unstained  biological 
particles  the  amplitude  transmission  of  the  particle  and  surround  are  so 
nearly  alike  that  we  may  set 

g  =  1.  (10.1) 

By  introducing  g  =  I  into  Eqs.  9.2-9.4,  we  find  that  after  slight  simpli- 
fication 

A 


h  =  2  sin 


sin  5  = 


cos  5  = 


—  sin  A/2  cos  A/2 

|sin  A/2I 

sin^  A/2 

I  sin  A/2 1 


—sgn  I  sm 


cos 


sm 


(10.2) 
(10.3) 
(10.4) 


in  which  |sin  A/2|  denotes  the  absolute  value  of  sin  A/2  and  in  which 
sgn{x)  denotes  x/\x\.  Equations  10.3  and  10.4  are  equivalent  to  the  fol- 
lowing simple  relation  between  8  and  A. 


A 

^=2 


TT 

2 


A  TT 

^  =  i  +  2' 


0  <  A  ^  tt; 
-TT  <  A  <  0. 


(10.5) 


In  summary,  the  values  that  h  and  8  must  have  in  order  that  the 
particle  shall  appear  in  optimum  dark  contrast  when  g  ^  1  are  given  by 
the  equations 

h  =  2  sin  ^   ;  (10.6) 
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S  = 


TT 


2' 


A  TT 

^=2  +  2 


0  <  A  <  tt: 


-TT   <   A   <  0. 


(10.7) 
(10.8) 


It  will  be  noted  that  the  required  phase  difference  5  of  the  diffraction 
plate  is  discontinuous  at  A  =  0. 

With  particles  whose  optical  path  A  is  so  small  that  we  can  replace 

sin  A/2  by  A/2, 

h  =  |a|  (10.9) 

and 


TT 

T  - 
2 


(10.10) 


according  as  A  >  0  or  as  A  <  0. 

Equations  10.7  and  10.8  state  that  the  optical  path  of  the  conjugate 
area  of  the  diffraction  plate  must  be  less  than  the  optical  path  of  the 
complementary  area  by  (7r/2  —  A/2)  radians  or  by  (34  —  A/^tt)  wave- 
lengths in  order  to  make  the  particle  appear  darkest  when  its  optical 
path  exceeds  that  of  the  surround  by  a  small  amount,  but  that  the  optical 
path  of  the  conjugate  area  must  exceed  the  optical  path  of  the  com- 
plementary area  by  (7r/2  +  A/2)  radians  or  by  (14  +  A  -Itt)  wavelengths 
in  order  to  make  the  particle  appear  darkest  when  its  optical  path  is 
less  than  that  of  the  surround  by  a  small  amount,  A  radians.  These 
conclusions  are  consistent  with  those  established  in  Section  3  but  indicate 
definitely  the  direction  and  amount  by  which  8  should  depart  from 
T7r/2.  According  to  Eq.  10.9,  the  optimum  amplitude  ratio  h  of  the 
diffraction  plate  decreases  with  |a|  when  A  is  so  small  that  we  can  with 
negligible  error  replace  sin  A/2  by  A/2. 

Suppose  that  the  optical  path  difference  between  the  particle  and 
the  surround  falls  in  the  neighborhood  of  A  =  ±  7r/2,  that  is,  in  the 
neighborhood  of  ±34  wavelength.     Then 


h 


TT 


sm 


-  V2: 


5  — >  —  -  radians  =  —^  wavelength  when  A  =  -  ; 

TT  .  TT 

5  -^  -  radians  =  +i  wavelength  when  A  = 


4 


This  means  that,  when  the  optical  path  differences  between  the  particle 
and  the  surround  are  ±X/4,  5  must  be  chosen  as  — X/8  or  as  4-X/  8  and 
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the  h  value  must  be  chosen  as  V  2  in  order  to  obtain  optimum  darkest 
contrast  in  the  image  of  the  particle.  In  order  to  obtain  h  values  exceed- 
ing unity,  the  absorbing  material  must  be  placed  upon  the  complemen- 
tary area  so  as  to  weaken  the  deviated  wave  rather  than  upon  the 
conjugate  area  of  the  diffraction  plate. 
Suppose  that  A  =  ±X/6.     Then 

/i  =  1; 

X        X       -X    ,  X 

8  = =  when  A  =  -  ; 

12       4         G  6  ' 

-XX       +X     ,  -X 

8  = 1 —  =  —  when  A  = 

12        4         6  6 

The  case  A  =  d=X/6  when  g  =  I  is  the  point  of  demarcation  between 
diffraction  plates  for  which  /i  <  1.  When  h  =  1,  no  absorbing  material 
is  required  on  either  the  conjugate  or  complementary  area.  It  will  be 
noted  that  the  required  8  for  darkest  contrast  is  X/6  when  A  =  —  X/6. 
Diffraction  plates  for  which  5  =  X/6  and  /i  =  1  are  radically  different 
from  diffraction  plates  for  w^hich  8  =  ±X/4  and  /i  — >  |a|  with  A  small. 
The  theoretical  necessity  for  a  series  of  diffraction  plates  in  order  to 
secure  optimum  contrast  with  different  particles  therefore  becomes  ap- 
parent. 

We  learn  from  Eci.  10.()  that  /i  =  2  is  the  largest  useful  h  value.  Cor- 
respondingly, the  energy  transmission  ratio  between  the  conjugate  and 
complementary  areas  is  h^  =  4.  The  value  h  =  2  is  required  when 
A  =  ±7r  radians.  From  Eq.  10.7  or  10.8  the  required  8  value  is  then 
5  =  0.  This  example  shows  that  particles  whose  amplitude  transmission 
is  equal  to  that  of  the  surround  and  whose  optical  path  difference  with 
respect  to  the  surround  approaches  3^  wavelength  will  appear  in  darkest 
contrast  in  the  sharply  focused  image  plane  of  an  aberration-free  ob- 
jective when  a  diffraction  plate  is  selected  whose  h  value  approaches 
h  —  2  and  whose  8  value  approaches  5  =  0.  It  follows  from  Eqs.  8.7 
and  8.8  that  Gg,  the  energy  density  over  the  image  of  the  surround,  ap- 
proaches 4  when  hi  =  1,  and  that  Gp,  the  energy  density  over  the  image 
of  the  particle,  approaches  zero.  The  relative  value  of  Gg  and  Gp  as 
produced  by  the  ordinary  microscope  in  the  sharply  focused  image  plane 
in  the  case  of  the  class  of  particles  of  this  example  is  obtained  by  sub- 
stituting hi  =  h  =  g  =  1,  5  =  0,  and  A  =  ±7r  into  Eqs.  8.7  and  8.8. 
The  result  \s  Gg  =  Gp  =  1 .  This  equality  of  Gg  and  Gp  is  another  illus- 
tration of  the  fact  that  the  contrast  produced  in  the  image  of  an  un- 
stained particle  by  an  ordinary  microscope  is  due  to  the  failure  of  the 
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microscope  to  satisfy  the  conditions  of  Lummer's  theorem  or  to  an  out-of- 
focus  image  or  to  both.  Since  an  out-of-focus  image  is  necessarily  dis- 
torted, we  see  that  the  phase  microscope  is  in  principle  capable  of  pro- 
ducing images  of  better  contrast  and  definition  than  should  be  expected 
from  the  ordinary  microscope  even  when  the  optical  path  difference 
between  the  particle  and  its  surround  becomes  large. 

11.  DARKEST  CONTRAST  WITH  PARTICLES  DIFFERING  FROM  THEIR 
SURROUND  ONLY  IN  ABSORPTION 

Suppose  that  A  =  0  but  that  g  ^  I.     In  this  case  Eqs.  9.2-9.4  reduce 
to  the  set 

h=\l-g\;  (11.1) 

sin  5  =  0;  (11.2) 

1  -  g 

cos  5  =  ] 1  =  sgn{l  —  g).  (11-3) 

|1  -  91 

Equations  11.2  and  11.3  are  equivalent  to  the  statements 

8  =  0     when  g  <  \;  (11.4) 

8  =  IT     when  g  >  1.  (11.5) 

This  means  that  the  particle  should  appear  darkest  by  choosing  h  in 
accordance  with  Eq.  11.1  and  by  choosing  5  =  0  or  tt  according  as  the 
particle  transmits  less  or  more  light  than  its  surround.  Since  Gp,  the 
energy  density  over  the  geometrical  image  of  the  particle,  is  theoretically 
zero  when  h  and  5  are  chosen  in  accordance  with  Eqs.  11.1,  11.4,  and 
11.5,  it  is  theoretically  possible  to  In-ing  about  a  great  improvement  in 
the  contrast  in  the  image  of  particles  that  differ  from  their  surround  by 
a  slight  amount  in  absorption.  As  the  amplitude  transmission  of  the 
particle  approaches  that  of  the  surround,  g  approaches  unity  and  the 
required  h  value  approaches  zero  so  that  an  increasing  amount  of  absorb- 
ing material  has  to  be  added  to  the  conjugate  area  of  the  diffraction 
plate  as  the  particle  approaches  the  surround  in  amplitude  transmission. 
If  the  particle  is  viewed  in  a  polanret  microscope  (Osterberg,  1947a), 
a  polanret  8  setting  of  6  =  0  or  tt  at  optimimi  darkest  contrast  con- 
stitutes experimental  evidence  that  A  is  negligibly  small  and  enables 
the  observer  to  decide  whether  g  <:  I. 

In  summary,  we  can  expect  that,  when  the  particle  differs  from  its 
surround  only  by  a  slight  amount  in  absorption,  contrast  in  the  image 
of  the  particle  can  be  improved  by  selecting  a  diffraction  plate  from  a 
series  of  diffraction  plates  whose  conjugate  and  complementary  areas 
differ  in  optical  path  by  either  zero  or  3^  wavelength  and  whose  ampli- 
tude transmission  ratios  h  are  small. 
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If  the  optical  path  difference  A  is  not  neghgible,  the  required  h  and 
8  values  can  be  ascertained  from  the  more  general  Eqs.  9.2-9.4.  In  such 
cases  5  must  be  expected  to  depart  significantly  from  6  =  0  or  w.  We 
see,  therefore,  that  the  simplified  theory  is  capable  of  predicting  that 
the  phase  microscope  can  improve  contrast  in  the  image  of  slighth^ 
stained  biological  specimens.  Also,  this  prediction  is  in  accord  with 
experiment. 

12.  EQUALITY  OF  THE  AMPLITUDES  OF  THE  UNDEVIATED  AND  DE- 
VIATED WAVES  AT  THE  CONDITIONS  FOR  DARKEST  CONTRAST 

By  factoring  out  his'^^^  from  the  right-hand  members  of  Eqs.  7.3  and 
7.4,  we  find  that 

U  =  e^^e-2'^'-^o^"''Oe''^'/ii/ie*^;  (12.1) 

The  complex  numbers  U  and  D  determine  the  amplitude  and  phase  of 
the  undeviated  and  deviated  waves,  respectively,  as  they  arrive  at  the 
plane  of  the  image.  Since  the  absolute  values  of  the  exponentials  are 
unity,  it  follows  at  once  that 

\U\  =  hh;  (12.3) 

\D\  =  hi\ge'^  -  l|.  (12.4) 


Since 


ge'^  -  1  =  (^  cos  A  -  1)  +  i(g  sin  A); 


,iA 


\ge-  -  l\  =  [{g  cos  A  -  l)'^  -\-  (g  sin  A)-]^ 

=  {I  -2g  cos  A  +  g~)K  (12.5) 

From  Eqs.  12.4  and  12.5, 

\D\  =  /ii(l  -  2g  cos  A  +  g^)\  (12.6) 

From  Eq.  9.2  the  condition  on  h  for  darkest  contrast  is  that  h  = 
(1  —  2g  cos  A  +  g")^.  Therefore,  when  h  is  chosen  so  as  to  satisfy  the 
condition  for  darkest  contrast, 

\U\  =  \d\  =  hih.  (12.7) 

Since  \U\  and  \D\  are  the  amplitudes  of  the  undeviated  and  deviated 
waves,  respectively,  this  means  physically  that  the  amplitudes  of  the 
undeviated  and  deviated  waves  are  equal  when  the  diffraction  plate  has 
been  chosen  to  satisfy  the  conditions  for  darkest  contrast. 
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13.  CONDITIONS  FOR  OPTIMUM  BRIGHT  CONTRAST 

Thus  far,  our  attention  has  been  hmited  to  the  conditions  which  h 
and  5  must  satisfy  in  order  to  cause  the  particle  to  appear  in  darkest 
contrast.  Whereas  definite,  unique  conditions  can  be  discovered  for 
darkest  contrast,  the  same  is  not  true  with  respect  to  the  conditions  for 
optimum  bright  contrast. 

Returning  to  Eqs.  8.3  and  8.4,  we  see  that 

G,  =  0;  (13.1) 

(?p  =  iH^e'^  -  l|2 

=  hi^a  -  2^  cos  A  +  r);  (13.2) 

when  h  =  0.  Since  (1—2^  cos  A  +  ^")  is  not  eciual  to  zero  unless 
A  =  0  and  ^  =  1  so  that  the  particle  is  indistinguishable  from  its  sur- 
round in  white  light,  Gp  9^  0  when  Gg  =  0.  The  Schlieren  case,  h  =  0, 
produces  the  greatest  bright  contrast,  therefore,  for  the  particle  appears 
bright  against  a  theoretically  black  background.  In  the  Schlieren 
case,  however,  the  quality  of  the  image  is  deteriorated  because  the  image 
is  formed  by  the  deviated  wave  alone.  We  can  expect  that  a  more 
favorable  compromise  between  contrast  and  definition  will  be  obtained 
when  the  h  value  is  chosen  no  smaller  than  the  value  required  to  equalize 
the  amplitudes  of  the  undeviated  and  deviated  waves.  It  has  been 
shown  in  Section  12  that  this  is  precisely  the  value  of  h  that  is  required 
for  obtaining  darkest  contrast  in  the  image  of  the  particle.  We  shall 
accordingly  define  optimum  bright  contrast  as  the  brightest  contrast  that 
can  be  obtained  by  varying  5  with  h  fixed  at  its  value  for  darkest  con- 
trast. The  problem  of  discovering  the  maximizing  value  of  5  reduces 
therefore  to  the  task  of  finding  the  value  of  b  for  which  dGp/d8  =  0, 
where  Gp  is  the  total  energy  density  over  the  geometrical  image  of  the 
particle  as  given  by  Eq.  8.8. 

SC 

— -  =  2hi^h[—  {h  cos  8  -\-  g  cos  A  —  1)  sin 5  +  (h  sin  5  +  gf  sin  A)  cos  5]; 
d8 

=  2hi^h[(\  —  g  cos  A)  sin  5  +  gr  sin  A  cos  5]. 

Thus,  BGp/db  =  0,  provided  that 

—  9  sin  A 

tan  5  = (13.3) 

I  —  g  cos  A 

Now  Eq.  13.3  can  also  be  obtained  through  division  of  Eqs.  9.3 
and  9.4.  If  8d  denotes  the  value  of  5  computed  from  Eqs.  9.3  and  9.4,  it 
follows  that  8d  is  a  solution  of  Eq.  13.3  where  5^  is  the  optical  path 
difference   between   the   conjugate   and   complementary   areas   of   the 
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diffraction  plate  when  the  particle  appears  in  darkest  contrast.  On 
account  of  the  trigonometric  identity 

tan  .r  =  tan  {x  +  vr), 

5  =  5rf  +  TT  is  a  second  solution  of  Eq.  13.3.  The  remaining  solutions  of 
Eq.  13.3  differ  from  8d  and  (8d  +  tt)  by  integral  multiples  of  27r.  8^  is 
the  first  solution  for  which  Gj,  is  minimum,  whereas  6^  +  tt  is  the  first 
solution  for  which  Gp  is  maximum.  This  result  is  summarized  as  the 
important  theorem  (Theorem  5): 

//  the  particle  appears  in  darkest  contrast  when  h  and  8  are  set  at  the 
values  hd  and  8,i,  then  the  particle  will  appear  in  optimum  bright  contrast 
when  the  phase  difference  8d  between  the  conjugate  and  cojuplementary 
areas  of  the  diffraction  plate  is  altered  by  J'2  wavelength. 

The  contlitions  for  optimum  bright  contrast  may  therefore  be  found 
in  a  simple  manner  from  the  conditions  for  darkest  contrast.  If,  for 
example,  the  particle  appears  darkest  with  a  diffraction  plate  for  which 
h  =  0.4  and  8  =  +X/8,  the  particle  will  appear  in  optimum  bright 
contrast  with  another  diffraction  plate  for  which  h  =  0.4  and  8  =  5X/8, 
or,  equivalently,  —  3X/8. 

We  will  now  show  that  Gp  =  AGs  when  the  particle  appears  in  opti- 
mum bright  contrast.  The  conditions  of  Eqs.  9.2-9.4  for  dark  contrast 
show  that 

hd  sin  5rf  =  —gsm  A; 

hd  cos  5rf  =  1  -  g  cos  A.  (13.4) 

If  we  let  8b  denote  the  5  value  for  optimum  bright  contrast,  then 

8b  =  8d  +  TT.  (13.5) 

Therefore 

hd  sin  8b  =  —hd  sin  5^  =  gr  sin  A; 

hd  cos  8b  =  —hd  cos  8d  —  g  cos  A  —  1.  (13.6) 

When  g  sin  A  =  hd  sin  8b  and  g  cos  A  —  1  =  hd  cos  8b  are  substituted 
into  Eq.  8.8,  it  is  found  almost  directly  that 

Gb  =  hi-'hd',     Gp  =  4:hi~hd'", 
whence 

Gp  =  4Gs  (13.7) 

at  optimum  bright  contrast.  Brighter  contrasts  than  that  indicated 
by  Eq.  13.7  are  possible  at  the  expense  of  reducing  the  amplitude  of  the 
undeviated  wave  below  the  amplitude  of  the  deviated  wave. 
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14.  CHOICE  OF  DIFFRACTION  PLATE  WITH  PARTICLES  HAVING  SMALL 
OPTICAL  PATH  DIFFERENCES  AND  THE  AMPLITUDE  RATIO  g  ^  I. 

Darkest  or  optimum  liright  contrast  in  the  image  will  not  be  obtained 
except  with  suitably  chosen  object  particles  when  the  phase  microscope 
is  provided  with  a  single  diffraction  plate.  As  the  number  of  different 
diffraction  plates  is  increased,  the  range  of  choice  of  object  particle 
increases.  We  shall  see  that  the  choice  of  diffraction  plate  is  not  at  all 
critical.  Contrast  in  the  image  falls  off  slowly  from  its  darkest  or 
optimum  liright  ^'alue  as  the  amplitude  ratio  h  and  the  phase  difference  5 
of  the  diffraction  plate  depart  from  the  values  required  for  darkest  or 
optimum  bright  contrast.  The  \-ariation  in  the  contrast  with  h  and  8 
will  now  be  described  for  the  case  in  which  A  =  +X  '18  and  (/  =  1. 
This  case  applies,  for  example,  to  unstained  biological  specimens  whose 
optical  path  difference  A  is  so  small  that  contrast  in  the  ordinary 
microscope  is  poor. 

The  energy  densities  Gs  and  Gp  have  been  computed  as  fiuictions 
of  5  at  several  fixed  values  of  h  and  are  plotted  for  comparison  in  Fig.  11.14 
in  which  5  is  represented  in  degrees.  The  corresponding  values  of  5 
in  wavelengths  can  be  obtained  by  dividing  by  300.  It  will  be  noted 
that  the  energy  density  Gp  in  the  image  of  the  particle  is  maximum  in  all 
cases  when  5  =  100°  and  minimum  when  8  =  —80°.  Beginning  with 
the  cur-\'es  drawn  for  h  =  0.1225,  we  see  that  Gp  >  Gs  for  all  values  of  8. 
If  we  define  the  contrast  K  b}^  the  equation 

K  is  a  maximum  of  13.7  at  5  =  100°.  The  maximum  value  of  K  de- 
creases steadily  with  increasing  h  and  is  equal  to  3  when  h  =  0.3473,  the 
value  of  h  at  which  the  amplitudes  of  the  undeviated  and  deviated  waves 
are  alike  and  at  which  the  contrast  is  defined  as  optimum  bright  con- 
trast. Since  Gp  —  4Gs  at  optimum  bright  contrast,  K  is  always  ec^ual  to 
3  at  optimum  bright  contrast.  When  h  =  0.1738,  the  curve  Gp  touches 
the  curve  Gg  at  5  =  —80°.  For  larger  values  of  h  the  curve  Gp  dips 
below  the  curve  for  Gg  in  the  neighborhood  of  5  =  —80°.  Contrast 
in  the  image  may  now  be  reversed  by  changing,  for  example,  5  from 
100°  to  -80°.  With  h  =  0.3473,  Gp  =  0  and  K  =  -1  at  5  =  -80°, 
the  point  of  darkest  possible  contrast.  As  h  is  increased  from  0.3473 
to  0.50,  the  contrast  value  K  at  8  =  —80°  increases  slowly  from  K  =  —I 
to  K  =  —0.9  at  h  =  0.5.  Both  the  dark  and  bright  contrasts  deteri- 
orate steadily  with  h  when  h  >  0.3473.  Since  h^  =  0.12  when 
h  =  0.3473,  the  energy  transmission  ratio  between  the  conjugate  and 
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complementary  areas  is  12%.  The  h~  values  predicted  by  the  simplified 
theory  are  usually  smaller  than  those  employed  in  the  phase  microscope. 
Thus,  h-  values  in  the  range  15%  to  25%  have  been  preferred  experi- 
mentally for  particles  whose  A  value  varies  through  a  considerable 
range  about  the  point  Ia|  =  X/18. 

The  most  pertinent  properties  of  the  curves  of  Fig.  11.14  for  the 
thesis  of  the  present  section  are: 

1.  The  energy  densities  Gp  and  the  contrast  A'  change  only  slightly 
as  5  varies  by  ±10°  about  the  points  8  =  —80°  and  100°  for  dark  and 
bright  contrast,  respectively.  In  fact,  a  range  of  ±20°  in  5  can  be 
tolerated  for  many  purposes.  Since  the  tolerable  range  of  variation  in  5 
amounts  to  almost  3^  wavelength,  it  is  to  be  expected  that  the  phase 
differences  between  the  conjugate  and  complementary  areas  in  a  series 
of  diffraction  plates  need  be  spaced  no  nearer  than  3^  wavelength  apart. 

2.  Since  the  values  8  =  ±90°  =  ±X/4  fall  only  10°  from  the  best 
values  of  —80°  and  100°  for  the  case  A  =  X/18,  the  particle  discussed 
in  this  section  should  appear  in  good  to  excellent  contrast  when  viewed 
with  the  aid  of  diffraction  plates  whose  phase  difference  8  is  ±X/4  as 
recommended  by  Zernike. 

3.  Since  the  A'  value  at  dark  contrast  varies  only  from  —0.7  to  —1 
to  —0.95  and  since  the  A  value  at  bright  contrast  varies  only  from  5.5 
to  2.2  as  h  is  varied  from  0.2236  to  0.4472,  a  wide  tolerance  also  on  the 
h  value  is  admissible. 

It  can  therefore  be  expected  on  the  one  hand  that  in  constructing  a 
diffraction  plate  for  obtaining  good  contrast  with  a  given  object  specimen 
the  required  values  of  h  and  8  are  not  critical  and  that  on  the  other  hand  a 
diffraction  plate  with  a  given  pair  of  h  and  5  values  can  be  used  with 
excellent  to  moderate  success  for  object  specimens  having  a  range  of 
optical  path  differences  A.  In  order  to  illustrate  more  explicitly  how  a 
single  diffraction  plate  performs  over  a  range  of  A  values,  the  contrast 
values  A  have  been  plotted  as  a  function  of  A  in  Fig.  11.15  for  the 
indicated  values  of  8  and  with  h  fixed  at  the  value  of  0.3473.  The  curve 
of  A  applies  to  a  diffraction  plate  selected  for  dark  contrast;  the  curve 
of  B  applies  to  a  diffraction  plate  selected  for  bright  contrast.  A  shows 
that  the  indicated  diffraction  plate  can  be  expected  to  produce  good  to 
excellent  contrast  for  A  values  in  the  range  8°  <  A  <  32°.  For  A  values 
outside  this  range,  for  example  with  A  =  3.6°  =  X/100,  another  diffrac- 
tion plate  should  be  selected.  B  shows  that  the  indicated  diffraction 
plate  can  be  expected  to  produce  good  to  excellent  bright  contrast  for 
A  values  in  the  range  8°  to  40°  but  that  another  diffraction  plate  should 
be  selected  when  A  falls  in  or  below  the  neighborhood  of  3.6°  =  X  100, 
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Fig.  11.16.     The  energy  densities  Gg  and  Gp  as  functions  of  h  for  a  particle  whose 

g  and  A  values  are  0.8  and  zero,  respectively.     The  phase  differences  5  between  the 

conjugate  and  complementary  areas  are  fixed  at  the  indicated  values. 


15.  CHOICE    OF    DIFFRACTION    PLATE    WITH    STAINED    PARTICLES 
WHOSE  REFRACTIVE  INDEX  EQUALS  THAT  OF  THE  SURROUND 

Consider  first  a  particle  whose  refractiv^e  index  is  the  same  as  that  of 
the  surround  but  whose  amphtude  transmission  is  0.8  that  of  the  sur- 
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round.  Such  a  particle  transmits  0.8^  =  0.64  times  as  much  light  as  its 
surround  and  will  be  visible  in  the  standard  microscope.  According 
to  Eqs.  11.1  and  11.4  this  particle  should  appear  black  against  an 
illuminated  background  in  the  phase  microscope  with  the  use  of  a 
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Fig.  11.17.     The  contrast  values  K  as  a  function  of  g  witli  a  diffraction  plate  wliose  h 
and  5  values  are  0.2  and  zero,  respectively.     The  optical  path  difference  A  between 

particle  and  surround  is  zero. 


diffraction  plate  for  which  h  =  0.2  and  5  =  0.  According  to  Section  13 
the  particle  should  appear  four  times  as  bright  as  its  surround  when 
another  diffraction  plate  is  selected  for  which  h  =  0.2  and  5  =  X/2. 

The  energy  densities  Gs  and  Gp  have  been  computed  for  the  above 
particle  as  functions  of  h  at  several  fixed  values  of  8  and  are  plotted  for 
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comparison  in  Fig.  11.16.  In  A,  Gp  vanishes  and  the  contrast  K  =  —  1  at 
the  point /i  =  0.2  for  the  curve  5  =  0.  For  the  curve  5  =  30°,  A'  =  -0.7 
at  h  =  0.2.  Provided  that  the  h  value  is  set  at  0.2,  variations  of  20°  in  5 
from  its  preferred  value  5  =  0  will  not  alter  the  contrast  seriously. 
Provided  that  5  =  0,  /i  may  be  permitted  to  vary  by  the  amount  ±0.04 
about  the  point  h  =  0.2.  Although  the  choice  of  h  and  5  is  not  critical, 
it  must  be  made  with  care.  The  curve  with  5  =  90°  has  been  included 
in  order  to  illustrate  that  quarter-wave  diffraction  plates  are  not  useful 
with  particles  in  this  category.  It  is  interesting  to  observe  from  the 
curves  drawn  for  5  =  0  and  30°  that  it  is  theoretically  possible  to  reverse 
contrast  in  the  image  by  reducing  the  h  value  below  h  =  0.1.  This 
behavior  is  to  be  expected,  for  the  particle  must  appear  in  bright  contrast 
in  the  ultimate  Schlieren  case,  /i  =  0.  An  inspection  of  B  shows  that 
conditions  for  bright  contrast  are  more  flexible  than  those  for  dark 
contrast.  Thus,  at  h  ==  0.2,  K  is  reduced  only  from  K  =  3.0  to  2.7 
as  5  is  reduced  by  30°  with  respect  to  its  best  value  of  180°.  The 
contrast  K  =  qo  at  /i  =  0  and  decreases  with  increasing  h. 

The  contrast  K  has  been  plotted  in  Fig.  11.17  as  a  function  of  g  for  a 
diffraction  plate  for  which  h  =  0.2  and  5  =  0.  The  contrast  values  —K 
obtained  with  this  diffraction  plate  are  seen  to  exceed  0.8  for  particles 
having  g  values  in  the  range  0.712  <  g  <  0.887. 

16.  CHOICE    OF    DIFFRACTION    PLATE    WITH    STAINED    PARTICLES 
WHOSE  OPTICAL  PATH  DIFFERENCE  IS   +X/4 

The  energy  densities  Gg  and  Gp  are  plotted  in  Fig.  11.18  as  functions 
of  h  at  the  indicated  fixed  values  of  5  for  the  case  A  =  +X/4  and  g  =  0.9. 
Since  g^  =  0.81,  the  particle  transmits  0.81  times  as  much  light  as  its 
surround.  Such  particles  are  weakly  stained  and  will  show  fair  contrast 
in  the  standard  microscope.  On  the  other  hand,  such  particles  should 
appear  to  be  black  in  the  phase  microscope  with  the  choice  of  a  diffrac- 
tion plate  for  which  h  =  1.345  and  5  =  —42°.  The  curves  Gp  with 
5  =  —27°  and  —57°  practically  coincide.  Variations  of  ±15°  in  5  from 
the  best  value  5  =  —42°  do  not  produce  serious  deteriorations  in  the 
contrast. 

Furthermore,  h  may  be  varied  from  1.0  to  1.7  without  seriously 
disturbing  the  contrast.  Contrast  in  the  image  of  the  particle  will  be 
dark  so  long  as  /i  >  0.7,  but  the  h  values  must  exceed  unity  in  order  to 
produce  excellent  contrast  with  a  particle  for  which  A  =  +X/4  and 
g  =  0.9.  Diffraction  plates  for  which  h  >  I  are  called*  the  B  type  and 
differ  from  the  A  tj^pe  in  that  the  absorbing  material  is  placed  upon  the 
complementary  area  instead  of  upon  the  conjugate  area.     The  useful- 

*  See  Section  2.5,  Chapter  III. 
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ness  of  the  B-type  diffraction  plate  in  observing  stained  and  other 
biological  or  industrial  particles  was  appreciated  after  the  utility  of  the 
A-type  diffraction  plate  had  been  well  established.     Since  h"  =  1.81 
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Fig.  11.18.     The  energy  densities  Gs  and  Gp  as  functions  of  h  at  the  indicated  fixed 
values  of  5  with  a  particle  for  which  A  =  +x/4  and  g  =  0.9. 


and  since  —42°  =  —0.1166  X,  the  best  B-type  diffraction  plate  for  use 
with  a  particle  for  which  A  =  +X/4  and  g  =  0.9  will  be  the  1.8B  — 0.117X 
diffraction  plate. 

The  curve  of  Fig.  11.19  for  the  contrast  value  K  has  been  plotted  as  a 
function  oi  g  for  a  diffraction  plate  whose  In,  and  5  values  are  fixed  at 
1p?  =  1.81  and  5  =  —42°.  The  optical  path  difference  of  the  particle 
is  fixed  at  A  =  +X/4,  but  the  g  value  extends  over  the  entire  range  from 
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opaque  to  unstained  particles.  Since  —A'  does  not  fall  below  0.55,  the 
single  diffraction  plate  1.8B— 0.117X  serves  moderately  well  over  the 
entire  range  of  stained  particles  whose  optical  path  is  +X/4  and  serves 
particularly  well  for  particles  whose  g  values  fall  in  the  range  0.6  <  g  <  I. 


1.0 


0.9 


0.8 


0.7 


0.6 


- 

1 

K 

1 

/ 

^ 

/ 

^ 

^ 

1 

/ 

A  = 
8  = 

9 

h~  = 

90° 

-42° 

1.81 

1 

■^     S 

0.5 

0       0.1       0.2       0.3      0.4      0.5      0.6      0.7      0.8       0.9       1.0 

Fig.  11.19.     The  contrast  K  as  a  function  of  g  at 
A  =  +X/-4,  h  =  -42°,  and  /r  =  1.81. 

It  should  not  be  concluded,  however,  that  the  B-type  diffraction  plate  is 
superior  to  the  A  type  for  all  stained  particles.  Thus  when  the  optical 
path  difference  of  the  particle  is  zero,  as  in  Section  15,  the  optimum 
h  values  are  less  than  unity  and  lead  to  A-type  diffraction  plates. 

17.  GENERALIZATION  OF  THE  THEORY  TO  MORE  THAN  ONE  OBJECT 
PARTICLE 

If  the  object  slide  contains  more  than  one  particle,  as  it  does,  of  course, 
in  actual  practice,  the  *S'  wave  is  again  constructed  as  for  a  single  particle. 
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There  will  now  be  a  different  P  wave  and  hence  a  different  D  wave  for 
each  particle,  but  the  imdeviated  wave  remains  the  same  as  for  the  single 
particle.  The  undeviated  wave  passes  through  the  conjugate  area  and 
is  subsequently  spread  over  the  entire  plane  of  the  image.  The  un- 
deviated waves  diverge  from  the  particles  at  which  they  originate,  are 
spread  over  the  complementary  area,  and  are  reconcentrated  upon  the 
geometrical  images  of  the  respective  particles  from  which  they  originate. 
The  amplitude  and  phase  distribution  over  the  image  of  the  surround  is 
again  determined  by  the  undeviated  wave  alone,  whereas  the  amplitude 
and  phase  distribvition  over  the  geometrical  images  of  the  various 
particles  is  determined  by  the  resultant  wave  produced  by  the  inter- 
ference of  the  undeviated  wave  with  the  deviated  waves  over  the 
geometrical  image  of  each  of  the  particles.  Within  the  scope  of  the 
elementary  theory,  the  deviated  waves  from  the  various  particles  act 
independently  in  the  sense  that  they  do  not  disturb  one  another. 
Consequently  the  amplitude  and  phase  distribution  may  be  computed 
for  each  particle  from  the  law^s  already  described  for  the  single  particle. 
It  is  to  be  expected,  as  can  be  verified  from  the  more  complete  theory, 
that  the  amplitude  and  phase  distributions  computed  from  the  elemen- 
tary theory  will  depart  further  from  the  truth  as  the  particles  are 
crowded  together. 

If  the  object  specimen  is  a  grating,  the  elevations  of  the  grating  may  be 
regarded  as  the  surround  and  the  troughs  may  be  regarded  as  constitut- 
ing the  various  particles  or,  indeed,  a  single  particle.  The  generaliza- 
tion of  the  quantitative  elementary  theory  to  complex  object  specimens 
is  therefore  similar  to  the  generalization  of  the  more  qualitative  theory 
as  described  in  Sections  3.3  and  3.4. 

The  following  theorems  follow  from  the  statements  of  this  section  and 
are  valid  within  the  scope  of  the  elementary  theory. 

Theorem  6:  Those  particles  which  appear  with  similar  contrast,  no 
matter  which  diffraction  plate  is  selected,  have  similar  amplitude  trans- 
missions and  optical  paths. 

Theorem  7:  Those  particles  which  appear  with  dissimilar  contrast 
have  dissimilar  amplitude  transmissions  and.  optical  paths. 

These  theorems  are  of  practical  value  in  making  comparisons  among 
the  object  particles  and  can  be  expected  to  hold  with  at  least  fair  degree 
of  reliability  when  the  particles  are  separated  by  distances  greater  than 
four  times  the  limit  of  resolution  of  the  objective.  On  the  basis  of  the 
general  theory  also,  the  size,  shape,  and  separations  of  the  particles  are 
found  to  influence  contrast  in  the  images  of  the  particles.  Consequently, 
Theorems  6  and  7  cannot  be  applied  without  reservation. 
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18.  EFFECT  OF  THE  DIFFRACTION  PLATE  ON  RESOLVING  POWER 

The  ciiiestion  of  whether  or  not  the  resolving  power  of  the  microscope 
is  impaired  by  the  diffraction  plate  is  a  proper  concern  of  the  critical 
microscopist.  Whereas  it  is  true  that  the  zonal  spherical  aberrations  of 
the  microscope  objective  are  purposely  increased  in  order  to  achieve 
phase  microscopy,  both  theory  and  experiment  have  shown  that  phase 
microscopy  is  not  necessarily  obtained  at  the  expense  of  resolving  power. 
The  phase  microscope  was  intended  originally  to  improve  contrast  in 
the  image  of  unstained  particles  whose  optical  path  differs  so  little  from 
that  of  the  surround  that  the  particle  is  practically  invisible  in  the 
ordinary  microscope.  In  resolving  two  such  particles  a  properly  con- 
structed phase  microscope  possesses  greater  resolving  power  than  is 
inherent  in  the  ordinary  microscope.  This  unpublished  conclusion  is 
derivable  from  the  more  general  theory  of  phase  microscopy  and  is  based 
on  more  fundamental  considerations  than  the  obvious  criterion  that  two 
particles  must  be  seen  before  they  can  be  resolved. 

Unfortunately,  a  presentation  of  the  more  ad\'anced  theories  of 
resolution  is  beyond  the  scope  of  this  book.  These  theories  have  shown 
that  both  the  ordinary  and  the  phase  microscopes  are  capable  of  greater 
resolution  than  is  indicated  by  the  Airy  limit  of  resolution,  that  the 
resolution  of  two  particles  depends  to  a  marked  extent  on  their  absolute 
and  relative  dimensions  and  on  their  amplitude  and  phase  transmissions, 
and  that  the  less  general  classical  theory  of  resolution  is  at  best  qualita- 
tive. The  following  qualitative  considerations  based  on  the  usual 
classical  concepts  indicate  that  the  resolving  power  of  a  phase  microscope 
need  not  differ  appreciably  from  the  resolving  power  of  the  ordinary 
microscope. 

One  effect  of  introducing  a  diffraction  plate  is  to  modify  the  diffraction 
image  which  the  objective  forms  of  an  object  consisting  of  a  pinhole  in  a 
silvered  slide.  The  plot  of  the  energy  density  in  this  diffraction  image 
as  a  function  of  the  radial  distance  from  the  center  of  the  image  will  be 
called  the  primary  diffraction  curve  of  the  objective.  The  center  of  the 
diffraction  image  will  be  called  the  diffraction  head.  An  Airy-type 
objective  is  defined  as  one  whose  diffraction  curve  obeys  the  usual  law 

in  which  G{r)  is  the  energy  density  in  the  diffraction  image  as  a  function 
of  the  radial  distance  r  in  wavelengths  from  the  diffraction  head,  J\  is  a 
Bessel  function  of  the  first  kind  and  first  order,  and 

p,n    =   sin  drr,,  (18.2) 
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where  df„  is  the  maximum  angiihir  aperture  of  the  objective  in  its  image 
space  as  ilkistrated  in  Fig.  11.20.     p,„  is  related  to 

Po,n  =  sin^om,  (18.3) 

with  doni  defined  in  Fig.  11.20,  in  accordance  with  the  Abbe  sine  condition, 


as 


\M\p,n  =  nopom  =  Ho  sin  do,n  =  N.A.,  (18.4) 


where  no  is  the  refractive  index  of  the  object  space  and  N.A.  is  the  usual 
numerical  aperture  of  the  objective. 


Diffraction  plate 


2  "m 

p.  =  s\n  e.;j  =  l,2,m 


Conjugate  area 


-M- 


-Object  plane 


Image  plane- 


FiG.   n.20.     The  zonal  apertures  of  the  objective  and  its  diffraction  plate  whose 

conjugate  area  is  annular  in  shape. 

It  will  be  noted  from  Eq.  18.1  that  G{r)  =  0  when  ./i(27rp,„r)  =  0. 
The  first  value  of  r  >  0  for  which  Ji(27rp^r)  =  0  is  denoted  by  Ta  and 
is  called  the  Airy  limit  with  respect  to  the  image  space.  Since  Ji  (2)  =  0 
when  z  =  3.8317, 

3.8317       0.6098  ,        ^  ,,„  ^, 

Ta  =  =  wavelengths.  (18.5) 

27rp,„  p,n 

Ta  is  physically  the  distance  from  the  diffraction  head  to  the  first  zero 
in  the  energy  density.  If  Va"  denotes  the  Airy  limit  as  measured  in  the 
object  plane  with  an  objective  of  magnification  ratio  M, 

0.6098       0.6098 

wavelengths. 


o  


M 


\M\pr, 


N.A. 


(18.6) 


Equation  18.6  is  the  usual  expression  for  the  Airy  limit. 
Since 

27rp^r  =  3.8317  -  ' 
ra 


(18.7) 
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it  is  advantageous  to  write  Eq.  18.1  in  the  universal  form 

Gjr)    ^  ^  rJr(3.83\7r/ra)J 
T^pJ  L     3.8317r/r„     _ 


(18.8) 


in  which  r/va  is  physically  the  distance  from  the  diffraction  head  meas- 
ured in  Airy  units  Va.  The  distance  from  the  diffraction  head  to  the  first 
zero  in  the  energy  density  is  therefore  given  by  r/ra  =  1. 

The  energy  densities  G(r)/T"pm^  computed  from  Eq.  18.8  are  plotted 
in  Fig.  II.21A  as  a  function  of  r/va.  The  primary  diffraction  curve  of 
Fig.  II.2L4  is  universal  in  the  sense  that  it  applies  to  Airy-type  objec- 
tives of  any  numerical  aperture.  Aberration-free  objectives  of  low 
numerical  aperture  approximate  the  Airy-type  objective  closely. 

It  has  been  shown  by  Luneberg  (1944,  p.  391)  that  the  Airy-type 
objective  has  the  highest  possible  energy  density  at  the  diffraction  head. 
The  effect  of  introducing  spherical  aberration  or  diffraction  plates  is 
necessarily  to  lower  the  energy  density  at  the  diffraction  head.  When 
the  energy  density  at  the  diffraction  head  is  lowered,  the  energy  content 
of  the  diffraction  rings  is  in^a^riably  increased.  A  pronounced  increase 
in  the  relative  energy  content  of  the  diffraction  rings  may  lead  to  a  loss 
of  resolving  power  or  to  reduced  contrast  in  the  image  or  to  both. 

The  primary  diffraction  curves  have  been  computed  for  aberration- 
free  objectives  for  five  different  diffraction  plates  and  are  plotted  in 
Figs.  11.21/?  to  11.235  so  as  to  permit  comparison  with  one  another  and 
with  the  Airy-type  diffraction  curve  of  Fig.  II.2L4.  The  type  of  diffrac- 
tion plate  is  indicated  together  with  the  h^  and  5  values.  The  ratios 
Pi/Pm  =  sin  01 /sin  dm  and  P2/Pm  =  sin  02/sin  dm  of  the  zonal  numerical 
apertures  of  the  conjugate  area  are  indicated  also.  It  is  emphasized 
that,  on  account  of  the  universal  nature  of  the  curves,  these  curves  apply 
to  all  objectives  having  the  zonal  ratios  pi/pm  and  P2/Pm  and  the  given  h^ 
and  5  values,  irrespective  of  the  actual  N.A.  =  lil/|p,„  of  the  objective. 
The  labeled  ordinates  to  which  the  energy  densities  G{r)/Tv'^pm^  are 
plotted  are  alike.  As  a  consequence,  the  fact  that  G(0)/7r^p„i'*  =  0.5 
in  Fig.  II.21B  whereas  G(0)  7r-p,„-^  =  1.0  in  Fig.  II.2L4  means  that  the 
energy  density  at  the  diffraction  head  with  the  objective  of  Fig.  11.21  B 
is  0.5  of  the  value  of  the  energy  density  at  the  diffraction  head  of  the 
corresponding  Airy-type  objective.  It  will  be  noted  that  the  pri- 
mary diffraction  curves  are  identical  for  all  5  values  of  opposite  sign. 
For  example,  the  primary  diffraction  curve  of  Fig.  11.21  fi  applies 
to  5  =  ±X/4. 

An  examination  of  the  five  primary  diffraction  curves  drawn  for  the 
indicated  diffraction  plates  shows  that  the  first  minimum  in  the  energy 
density  occurs  in  all  cases  near  r/va  =  1,  that  is,  near  the  Airy  limit. 
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This  does  not  prove  that  the  position  of  the  first  minimum  is  unaffected 
by  the  choice  of  diffraction  plate  l)ut  demonstrates  that  it  is  possible  to 
choose  the  zonal  aperture  ratios  pi/pm  and  P2I Pm  and  the  h  and  5  values 
of  the  diffraction  plate  in  such  a  manner  that  the  first  minimum  of  the 
primary  diff'raction  curve  falls  practically  at  the  Airy  limit.  In  some 
cases  the  constants  of  the  diffraction  plate  can  be  chosen  so  that  the  first 
minimum  in  the  energy  density  occurs  at  a  position  slightly  inside  the 
Airy  limit,  as  in  Fig.  11.215.  On  the  basis  of  Airy's  criterion  for 
resolution,  the  resolving  power  of  an  objective  for  two  particles  is 
determined  by  the  distance  r  from  the  diffraction  head  to  the  first 
minimum  in  the  energy  density  of  the  primary  diffraction  curve.  Since 
it  is  possible  to  choose  diffraction  plates  so  that  the  first  minimum  in 
the  energy  density  falls  practically  at  the  Airy  limit,  no  significant  gain 
or  loss  in  resolution  is  to  be  expected  on  this  account  from  a  well-chosen 
diffraction  plate. 

The  diff'raction  plates  of  Fig.  11.22.4  and  B  differ  only  in  ring  width. 
Thus  po  —  pi  is  greater  in  B  than  in  .4.  It  will  be  noted  that  the  first 
minimum  in  the  energy  density  occurs  at  a  greater  distance  from  the 
diffraction  head  with  the  diffraction  plate  which  has  the  narrower  ring 
width.  One  can  expect  that  with  the  /r  and  5  values  of  Fig.  11.22 
the  diffraction  plate  having  the  wider  ring  width  should  give  the  better 
resolution.  In  general,  higher  contrasts  can  be  produced  by  diffraction 
plates  having  the  narrower  annuli.  This  can  be  expected  from  the  fact 
that  the  undeviated  and  deviated  waves  are  separated  more  completely 
at  diffraction  plates  with  the  smaller  conjugate  area.  In  practice,  the 
difficulties  of  designing  a  diffraction  plate  so  as  to  attain  the  most 
favorable  compromise  between  contrast  and  definition  are  augmented  by 
the  spherical  aberration  which  is  always  present  in  objectives  of  high 
numerical  aperture  and  by  the  curvature  of  field  in  the  image  of  the 
opening  in  the  condenser  diaphragm. 

It  will  be  seen  that  the  energy  densities  at  the  diffraction  head  are 
decidedly  lower  for  all  illustrated  diffraction  plates  than  with  the  Airy- 
type  objective.  A  particularly  marked  loss  of  energy  density  at  the 
diffraction  head  occurs  with  the  2.50BdzX/4  diffraction  plate.  A 
portion  of  the  lost  energ}^  is  due  to  absorption  at  the  conjugate  or 
complementary  area.  Since  the  complementary  area  bears  the  absorb- 
ing material  in  a  B-type  diffraction  plate  and  since  the  complementary 
area  is  large  compared  to  the  conjugate  area,  most  of  the  reduction  in 
the  energy  density  at  the  diffraction  head  with  the  2.50B±X/4  diffrac- 
tion plate  can  be  attributed  to  absorption  at  the  diffraction  plate. 
Losses  due  to  such  widespread  absorption  at  the  diffraction  plate  serve 
mainly  to  lower  the  energy  content  of  the  entire  diffraction  image  and 
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Fig.  n.22.     The  effect  of  the  choice  of  widtfi  of  the  :unml;ir  conjugate  area  of  a 
0.35A±x/-i  diffraction  plate  upon  the  primary  diffraction  image.      The  location  of 
the  first  minimum  is  displaced  towards  larger  values  of  r/tn  as  the  width  of  the  con- 
jugate area  is  reduced,     h'^  =  0.35  in  A  and  B. 
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Fig.  11.23.  Comparison  of  the  primary  diffraction  images  produced  by  a  0.14A  ±  x/20 
and  by  a  2.50B±x/-l  diffraction  plate.  Whereas  the  first  minimum  occurs  near 
r/r  a  =  1,  that  is,  near  the  Airy  Umit  of  resolution,  the  B-type  diffraction  plate  pro- 
duces a  lower  central  maximum  in  the  energy  density,  G(0),  and  a  greater  relative 
amount  of  energy  density  in  the  diffraction  rings,     h^  =  0.14  in  A;  h"^  =  2.50  in  B. 


play  only  a  secondary  role  in  modifying  the  shape  of  the  primary 
diffraction  curve  and  hence  in  modifying  the  contrast  or  resolution  in  the 
image. 

The  relative  energy  content  in  the  diffraction  rings  is  less  with  the 
Airy-type  objective  than  with  any  of  the  illustrated  objectives,  but  the 
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increase  in  the  relative  energy  content  is  not  important  except  with  the 
B-type  objective.  It  can  be  shown  that  the  main  effect  of  the  increased 
relative  energy  content  in  the  diffraction  rings  is  to  offset  the  degree  of 
contrast  obtained  in  the  phase  microscope. 

The  above  considerations  indicate  that  no  marked  loss  of  resolution 
is  to  be  expected  with  the  use  of  a  phase  microscope  provided  that  the 
diffraction  plate  has  been  chosen  so  as  to  obtain  the  most  favorable 
compromise  between  contrast  and  resolution.  In  general,  this  con- 
clusion is  in  accord  with  experiment.  It  is  well  to  bear  in  mind,  how- 
ever, that  the  resolution  of  two  particles  depends  on  the  dimensions  and 
optical  properties  of  the  particles  as  well  as  on  the  properties  of  the 
diffraction  plate.  Consequently,  sweeping  generalizations  about  the 
relative  resolutions  possible  with  two  different  diffraction  plates  or 
between  a  phase  microscope  and  an  ordinary  microscope  should  be 
regarded  with  skepticism. 


CHAPTER   III 


INSTRUMENTATION 

1.  GENERAL  CONSIDEKATIONS  OF  DESIGN 

The  preceding  chapters  have  shown  that  the  ordinary  microscope  can 
be  converted  to  a  phase  microscope  by  the  addition  of  two  essential 
elements,  namely,  the  diffraction  (or  phase)  plate  and  a  specialized  con- 
denser diaphragm.  Thus  the  schematic  diagram  of  Fig.  II. 5  contains  a 
condenser  diaphragm  with  an  annular  opening  as  aperture  located  at  the 
first  focal  plane  of  the  substage  condenser  and  a  diffraction  plate  located 
at  the  second  focal  plane  of  the  objective.  The  condenser  diaphragm 
and  the  diffraction  plate  perform  definite  functions  in  the  phase  micro- 
scope. The  performance  of  these  functions  is  modified  by  both  the 
specimen  and  the  optical  design  of  various  components  of  the  microscope. 
The  spherical  aberration  of  the  objective  and  curvature  of  field  in  the 
image  of  the  condenser  diaphragm,  for  example,  may  introduce  limita- 
tions. The  minimization  of  the  adverse  effects  produced  by  these 
modifications  leads  to  some  of  the  most  difficult  problems  of  designing 
and  making  a  phase  microscope. 

It  has  also  been  shown  in  the  previous  chapters  that  the  main  fvmction 
of  the  restricted  opening  in  the  condenser  diaphragm  is  to  provide  an 
optical  means  for  separating  the  light  that  is  deviated  by  diffraction  at 
the  object  specimen  from  the  light  that  remains  undeviated  by  diffraction 
at  the  object  specimen.  This  separation  occurs  at  the  diffraction  plate. 
The  undeviated  rays  obey  the  laws  of  geometrical  optics  and  pass 
through  that  area  of  the  diffraction  plate  which  is  occupied  by  the 
geometrical  image  of  the  opening  in  the  condenser  diaphragm.  This  area 
is  called  the  conjugate  area.  The  remaining  area  of  the  diffraction  plate 
intercepts  most  of  the  deviated  rays  and  is  called  the  complementary 
area.  The  chief  function  of  the  diffraction  plate  is  to  alter  the  amplitude 
ratio  between  the  undeviated  and  deviated  waves  and  to  change  the 
phase  difference  between  these  two  waves.  To  accomplish  this  the 
amplitude  transmission  and  the  optical  path  of  the  conjugate  area  are 
deliberately  made  different  from  the  amplitude  transmission  and  the 
optical  path  of  the  complementary  area  by  any  one  of  several  methods. 

The  essential  requirement  governing  the  relative  location  of  the  con- 
denser diaphragm  and  of  the  diffraction  plate  is  that  the  condenser 
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diaphragm  shall  be  focused  upon  the  diffraction  plate  by  the  lenses  which 
lie  between  the  condenser  diaphragm  and  the  diffraction  plate.  The 
choice  of  the  first  focal  plane  of  the  substage  condenser  as  the  location 
of  the  condenser  diaphragm  makes  the  most  practicable  use  of  the  diffrac- 
tion phenomena.  However,  it  is  not  essential  that  the  condenser  dia- 
phragm he  placed  at  the  first  focal  plane  of  the  condenser.  If  the 
condenser  diaphragm  is  put  at  the  first  focal  plane  of  a  well-corrected 
substage  condenser  and  if  an  image  of  the  light  source  is  formed  on  the 
condenser  diaphragm,  then  the  object  specimen  is  illuminated  by 
substantially  parallel  light.  With  an  Abbe-type  substage  condenser, 
the  spherical  aberration  necessarily  present  in  this  type  of  condenser 
destroys  to  some  degree  the  parallelism  of  the  rays  which  are  incident 
on  the  object  specimen.  However,  an  Abbe-type  condenser  is  a  satis- 
factory substage  condenser  for  the  phase  microscope,  provided  that  the 
condenser  has  the  numerical  aperture  required  by  the  design  of  the 
diffraction  plate.  It  can  be  shown  theoretically  that  the  departure  from 
parallelism  of  the  illuminating  rays  plays  only  a  secondary  part  in 
modifying  the  contrast  produced  by  the  phase  microscope.  Experi- 
ment also  shows  that  very  little  effect  is  produced  on  contrast  in  the 
image  when  the  rays  illuminating  the  specimen  are  not  parallel.  The 
presence  of  spherical  aberration  in  the  substage  condenser  can  affect 
the  distance  between  the  last  surface  of  the  condenser  and  the  specimen 
slide  when  the  phase  microscope  is  lined  up  and  adjusted  for  use.  This 
may  modify  the  numerical  aperture  at  which  the  full  aperture  of  the 
condenser  can  fimction  if  the  diaphragm  is  removed  and  the  position  of 
the  condenser  is  not  changed.  In  the  presence  of  aberrations  the  magni- 
fication ratio  between  the  condenser  diaphragm  and  the  conjugate  area 
of  the  diffraction  plate  depends  on  the  distance  between  the  last  surface 
of  the  substage  condenser  and  the  first  surface  of  the  objective. 

In  order  to  minimize  any  effects  which  may  be  due  only  to  the  orienta- 
tion of  some  specimens  with  respect  to  the  conjugate  area  of  the  diffrac- 
tion plate,  the  opening  in  the  condenser  diaphragm  should  be  circular  or 
annular  and  should  be  centered  on  the  optical  axis.  Burch  and  Stock 
(1942)  described  an  experimental  arrangement  in  which  the  aperture  in 
the  diaphragm  and  the  conjugate  area  of  the  diffraction  plate  were  slit- 
shaped.  They  reported  that  the  image  of  long,  striated  muscle  fibers, 
for  example,  vanished  completely  when  the  fibers  were  oriented  exactly 
perpendicular  to  the  conjugate  area. 

Under  conditions  necessary  for  good  performance  the  undeviated  light 
and  only  a  very  small  part  of  the  deviated  light  will  pass  through  the 
conjugate  area  of  the  diffraction  plate,  and  the  greatest  fraction  of  the 
deviated  light  will  pass  through  the  complementary  area.     Since  in 
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practice  an  extended  opening  in  the  condenser  diaphragm  and  hence  an 
extended  source  of  Hglit  is  used  to  iUuminate  the  specimen,  it  is  not 
possible  with  most  object  specimens  to  separate  completely  the  deviated 
from  the  undeviated  light.  The  use  of  a  white  light  source  rather  than 
a  monochromatic  source  will  increase  the  amount  of  overlap  of  the 
deviated  and  imdeviated  light  at  the  conjugate  area.  As  the  range  of 
numerical  aperture  included  in  the  opening  of  the  condenser  diaphragm 
becomes  smaller  (i.e.,  as  the  opening  becomes  narrower)  the  conjugate 
area  of  the  diffraction  plate  becomes  narrower  and  there  is  less  overlap 
of  the  deviated  and  undeviated  light  at  the  conjugate  area.  This  is  the 
most  important  reason  for  making  the  conjugate  area  narrow. 

It  is  known  that  loss  of  resolution  occurs  when  the  numerical  aperture 
of  the  condenser  is  reduced  in  value  below  that  of  the  objective.  The 
resolving  power  of  a  phase  microscope  is  discussed  to  some  extent  in 
Section  18  of  Chapter  II.  If  the  specimen  is  illuminated  by  a  hollow 
cone  of  light,  as  when  the  condenser  diaphragm  contains  an  annular 
aperture,  theory  shows  that  resolution  can  be  expected  to  increase  as 
the  outer  diameter  of  the  illuminating  cone  is  increased  (greater  p2. 
Fig.  11.20).  If  the  numerical  aperture  corresponding  to  the  outer  di- 
ameter of  the  illuminating  cone  is  sufficiently  great,  then  some  further 
advantage  may  be  gained  by  also  increasing  the  inner  diameter  of  the 
illuminating  cone  (smaller  [po  —  Pi],  Fig.  11.20).  The  relative  trans- 
mission of  the  conjugate  and  complementary  areas  and  the  optical 
path  difference  between  these  areas  will  have  some  additional  effect  on 
resolution.  How^ever,  this  effect  will  be  of  secondary  importance,  at 
least  when  the  optical  path  difference  between  the  particle  and  its  sur- 
round is  small.  Therefore,  in  order  to  gain  the  improvement  in  contrast 
which  can  result  from  the  choice  of  relatively  narrow  conjugate  areas  and 
in  order  to  maintain  as  high  resolution  as  possible,  an  annular  opening 
in  the  condenser  diaphragm  is  generally  preferred  to  a  circular  aperture 
centered  on  the  optical  axis. 

It  is  also  a  fact  that  an  extremely  narrow  opening  in  the  condenser 
diaphragm  and  the  correspondingly  very  narrow  conjugate  area  super- 
impose undesirable  diffraction  effects  on  the  image  of  some  specimens. 
For  some  purposes,  notably  when  photomicrographic  records  that 
require  short  exposure  times  are  to  be  made,  a  very  small  condenser 
opening  may  cause  too  great  a  loss  in  illumination.  A  useful  rule  of 
thumb  is  to  make  the  width  of  the  conjugate  area  (the  zone  included 
between  di  and  62,  Fig.  11.20)  approximately  equal  to  one-fifteenth  of  the 
clear  aperture  of  the  objective  in  the  plane  of  the  diffraction  plate 
(Zernike,  1942). 

When  existing  condenser  and  objective  systems  are  used  in  the  design 
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of  a  phase  microscope,  it  may  be  impossible  to  avoid  the  occurrence  of 
parallax  between  the  image  of  the  opening  in  the  condenser  diaphragm 
and  the  diffraction  plate.  Epstein  (1950)  has  treated  theoretically  the 
problem  of  the  edge  effect  in  phase  contrast  when  the  image  of  a  point 
source  of  light  is  projected  on  the  edge  of  the  conjugate  area  of  the 
diffraction  plate  but  is  defocused  with  respect  to  it.  Excessive  parallax 
produces  deterioration  of  contrast  in  the  image  of  the  object  specimen. 
It  is  evident  that  there  is  more  overlap  of  the  deviated  and  the  un- 
deviated  light  at  the  diffraction  plate  as  the  parallax  increases.  Curya- 
ture  of  field  of  the  group  of  lenses  forming  the  image  of  the  condenser 
diaphragm  may  cause  the  parallax  to  become  sufficiently  greater  as  the 
mean  diameter  of  the  opening  in  the  condenser  diaphragm  increases 
that  it  becomes  necessary  to  limit  the  mean  diameter  of  the  opening  in 
the  condenser  diaphragm. 

The  spherical  aberration  of  the  objective  often  restricts  the  outer 
radius  of  the  conjugate  area.  Spherical  aberration  produces  non- 
uniform phase  changes  in  the  wave  front  as  it  passes  through  the 
objective.  Such  relative  changes  in  phase  are  equivalent  to  changes  in 
optical  path  and  will  be  different  for  different  wavelengths  of  light. 
Curves  of  chromatic  lateral  spherical  aberration  for  most  of  the  higher 
power  achromatic  and  apochromatic  refracting  objectives  show  a 
rapid  but  smooth  change  near  the  outer  edge  of  the  aperture.  Any 
change  in  phase  due  to  spherical  aberration  is  superimposed  on  the 
change  in  phase  deliberately  introduced  by  means  of  a  diffraction  plate. 
Elementary  theory  shows  that,  to  obtain  optimum  contrast  with 
objectives  which  are  free  from  spherical  aberration,  the  amplitude 
transmission  and  the  optical  path  across  the  diffraction  plate  should  be 
described  by  a  step  function;  i.e.,  an  abrupt  discontinuity  in  optical 
path  or  in  amplitude  transmission  or  in  both  should  take  place  at  the 
boundary  between  the  conjugate  and  complementary  areas,  but  within 
each  area  the  optical  path  and  the  amplitude  transmission  should  be 
constant,  as  in  Zernike's  arrangement.  When  the  conjugate  area  of  a 
step-type  diffraction  plate  lies  too  far  out  in  the  aperture  of  an  objective 
with  spherical  aberration,  the  spherical  aberration  so  modifies  the  region 
of  the  conjugate  area  that  changes  in  optical  path  can  no  longer  take  the 
shape  of  a  step.  Instead  of  an  optical  path  step  at  the  conjugate  area, 
a  region  of  rapidly  changing  optical  path  exists  which  is  different  in 
magnitude,  shape,  and  extent  from  what  is  required  for  good  phase 
contrast.  A  second  rule  of  thumb  is  to  select  a  value  of  the  mean 
diameter  of  the  conjugate  area  in  the  range  Yi  to  %  the  diameter  of  the 
aperture  of  the  objective  in  the  plane  of  the  diffraction  plate. 

It  is  a  familiar  fact  that  the  spherical  aberration  of  an  objective  is 
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altered  by  a  change  in  the  thickness  of  the  cover  glass.  Since  spherical 
aberration  affects  the  performance  of  the  phase  objective,  it  is  often 
important  to  select  cover  glasses  having  a  thickness  deviating  by  not 
more  than  0.02  or  0.03  mm  from  the  thickness  for  which  the  phase 
objective  has  been  adjusted. 

The  angular  spread  of  the  light  deviated  by  diffraction  at  the  object 
specimen  depends  on  the  dimensions  and  shape  of  the  specimen  and  on 
the  optical  properties  of  the  specimen  relative  to  those  of  its  surround. 
Some  specimens  deviate  the  light  in  such  a  manner  that  the  amount  of 
deviated  light  which  passes  through  the  conjugate  area  is  negligible. 
With  other  specimens  this  will  not  be  true  if  the  size  and  location  of  the 
conjugate  area  remain  the  same.  When  optimum  contrast  is  demanded 
in  the  image,  a  change  in  the  optical  properties  of  the  specimen  relative 
to  those  of  the  surround  i-equires  a  change  in  the  relative  amplitude 
transmission  and  in  the  optical  path  difference  between  the  conjugate  and 
complementary  areas  of  the  diffraction  plate,  even  when  the  deviated 
light  is  completely  separated  from  the  undeviated  light.  The  changes  in 
the  amplitude  transmission  and  optical  path  of  the  diffraction  plate  are 
quantitatively  different  when  the  overlap  of  the  deviated  and  un- 
deviated light  at  the  conjugate  area  becomes  sufficiently  great.  The 
favored  amount  of  contrast  depends  largely  on  the  specific  application 
of  the  phase  microscope.  It  is  not  necessary  to  produce  greatest  possible 
contrast  in  order  to  study  the  detail  in  a  specimen;  in  fact,  gradations  in 
contrast  may  offer  additional  information.  The  amount  of  contrast 
preferred  even  for  a  given  specimen  may  be  different  according  as  visual 
observations  or  photographic  records  are  made. 

There  exists  a  large  group  of  object  specimens  which  differ  from  their 
surround  by  a  small  amount  in  optical  path  but  which  do  not  differ 
appreciably  from  their  surround  in  absorption.  The  optical  path 
difference  is  said  to  be  small  when  it  is  less  than  3^  wavelength.  Be- 
cause the  useful  range  of  contrast  is  wide,  it  is  possible  to  design  a 
diffraction  plate  that  is  satisfactory  for  observing  this  entire  group  of 
specimens.  The  size  and  location  of  the  conjugate  area  of  such  a 
diffraction  plate  can  be  determined  by  the  two  rules  of  thumb  mentioned 
previously  in  this  section.  The  energy  transmission  of  the  conjugate 
area  is  chosen  to  fall  between  25%  and  40%  of  the  energy  transmission 
of  the  complementary  area.  The  magnitude  of  the  optical  path  differ- 
ence between  the  conjugate  and  complementary  areas  is  made  equal  to 
y^  wavelength  at  5401  A.  Suppose  that  the  optical  path  through 
the  conjugate  area  exceeds  the  optical  path  through  the  complementary 
area  by  3^  wavelength.  Then  a  particle  will  appear  in  bright  or  dark 
contrast  according  as  its  optical  path  is  greater  than  or  less  than  that  of 
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the  surrounding  material.  If  the  optical  path  through  the  conjugate 
area  is  3^  wavelength  less  than  the  optical  path  through  the  comple- 
mentary area,  then  the  contrast  of  the  image  of  the  above  particle  will 
be  reversed. 

Let  us  discuss  the  phenomena  of  phase  contrast  in  terms  of  the 
properties  g  and  A  of  the  specimen  and  in  terms  of  the  essential  physical 
constants  h  and  5  of  the  difTraction  plate.  The  symbols  g,  A,  /i,  and  B 
are  defined  in  Chapter  II  following  Eq.  8.8.  The  general-purpose 
diffraction  plates  suggested  in  the  preceding  paragraph  have  the  design 
specifications  0.25  ^  K^  ^  0.40  and  5  =  ±X/4  =  ±90°.  Such  diffrac- 
tion plates  do  produce  satisfactory  contrast  in  the  image  of  object 
specimens  for  which  g  =  I  and  for  which  0  <  |a|  <  X/8  =  45°.  The 
following  paragraphs  will  show  that  this  empirical  conclusion  is  at  least 
consistent  with  the  simple  theory  presented  in  Chapter  II. 

Figure  II.14S  refers  to  a  particle  for  which  g  =  I  and  for  which 
A  =  +X/18  and  describes  the  changes  that  occur  in  the  light  intensity 
in  the  image  of  the  particle  and  in  the  image  of  its  surround  as  h  and  8 
are  varied.  No  serious  deterioration  in  either  dark  or  bright  contrast 
is  predicted  as  6  varies  between  —70°  and  —110°  or  between  70°  and 
110°.  The  variation  in  the  light  intensity  in  the  image  of  the  particle 
is  not  symmetrical  about  the  points  5  =  ±90°  since  optimum  contrast 
does  not  occur  at  |5|  =  90°.  The  h  value  for  the  general-purpose 
diffraction  plate  lies  between  li  =  0.5  and  h  =  0.()32.  Only  the  greatest 
value  for  /;  in  Fig.  II.14B  belongs  to  this  range.  Nevertheless,  the 
tolerance  on  the  value  of  8  suggested  by  these  curves  is  at  least  in 
qualitative  agreement  with  observations.  Figure  II.14B  has  another 
point  of  interest.  The  figure  indicates  that,  if  the  diffraction  plate  is 
fabricated  of  materials  that  have  indices  of  refraction  which  remain 
constant  throughout  the  visible  region  and  if  5  =  ±90°  at  X  =  5401  A, 
then  satisfactory  contrast  in  the  image  may  still  be  expected  if  white 
light  rather  than  a  narrow  band  of  wavelengths  in  the  neighborhood 
X  =  5461  A  is  used  to  illuminate  the  object  specimen.  A  variation  of 
±20°  in  8  from  5  =  90°  at  X  =  5500  A  is  equivalent  to  the  phase  varia- 
tion associated  with  wavelengths  in  the  range  4500  A  to  7000  A. 

Equations  II.  10.2  and  II.  10.5  describe  the  conditions  for  darkest 
possible  contrast  when  ^  =  1.  They  state  that  as  the  optical  path 
difference  between  the  particle  and  its  surround  approaches  zero  the 
amplitude  transmission  of  the  conjugate  area  should  also  approach  zero. 
Further,  as  the  optical  path  difference  between  the  particle  and  its 
surround  increases,  the  necessary  optical  path  difference  between  the 
conjugate  and  complementary  areas  becomes  less  than  90°  in  absolute 
value.     Theorem  5  in  Section  13  of  Chapter  II  requires  that  the  step  in 
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optical  path  across  the  diffraction  phite  be  greater  than  90°  as  the  optical 
path  difference  between  the  particle  and  its  surround  increases  when  the 
particle  is  to  be  viewed  in  optimum  l)right  contrast.  It  is  also  of  great 
interest  to  investigate  the  range  of  A  for  which  good  contrast  is  obtained 
in  the  image  of  a  transparent  particle  (the  case  g  =  \)  when  5  is  fixed 
at  —90°  and  h  is  assigned  different  values  which  may  depart  considerably 
from  the  particular  h  values  required  for  darkest  possible  contrast  or  for 
optimum  bright  contrast.  Let  the  fi.xed  values  8  =  —90°,  g  =  \,  and 
/ii  =  1  be  substituted  into  Eqs.  II. 8. 7  and  II. 8. 8.  It  follows  from 
Eq.  II. 8. 8  that  the  value  of  A  =  A„un  for  which  the  light  intensity  in 
the  image  of  the  particle  is  a  minimum  is  related  to  the  assigned  h  value 
by  the  equation 

tan  A,„in  =  h.  (1.1) 

Also 

(^p)„un  =  /r +  2[1  -  (1  +Jry^],  (1.2) 

in  which  Gp  is  proportional  to  the  amount  of  light  energy  in  the  image 
of  the  particle.  Gg  is  similarly  proportional  to  the  amount  of  light 
energy  in  the  image  of  the  surround  and  is  given  by 

Gs  =  Jr.  (1.3) 

The  data  of  Table  III.l  have  l)een  calculated  from  Ecjs.  1.1-1.3.  This 
table  shows  that,  if  the  relative  amplitude  transmission  h  of  the  conju- 

Tahle  III.l 

The  niiiiimum  enerjiy  densities  (Gp)min  and  the  contrast 

vahies  K  as  functions  of  AnUn  and  h  when 

0  ^  h  S  0.7  in  the  case  ^  =  1  and  5  =   -90° 

h  ^°min  (G'p)min  Gs  K  ^    {Gp  —  Gs)/Gs 

0  0  0  0 

0.1  5.72  0.0000248  0.01 

0.2  11.32  0.0003«»2  0.04 

0.3  16.70  0.00104  0.09 

0.4  21.80  0.00593  0,16 

0.5  26.57  0.0139  0.25 

0.6  30.97  0.0276  0.36 

0.7  35.00  0.0487  0.49 

gate  area  is  adjusted  so  that  Gp  =  (Gp) nnn,  then  the  contrast  values  K 
depart  only  slightly  from  the  limiting  value  K  =  —1  corresponding  to 
darkest  possible  contrast.  The  range  in  A  includes  the  optical  path 
differences  normally  encountered  in  phase  microscopy.  It  still  holds 
that,  as  A  becomes  very  small,  h  must  also  become  very  small  in  oixler 
to  obtain  good  contrast.     The  energy  densities  Gs  and  Gp  associated 
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with  the  fixed  values  5  =  —90°,  y  =  ^,  and  hi  =  1  also  follow  from 
Eqs.  1 1. 8. 7  and  1 1. 8. 8  and  are  given  by  the  relations 

Gs  =  h?;  (1.4) 

Gp  =  /i2  +  2  -  2  cos  A  -  2/i  sin  A.  (1.5) 

Consequently  when  A  approaches  zero,  Gp  approaches  Gg,  so  that  finally 
the  particle  cannot  be  distinguished  from  its  surround.  When  A  =  0, 
Gp  =  Gg  =  /r.  The  curves  of  Fig.  III.l  have  been  computed  from 
Eqs.  1.4  and  1.5  for  the  special  case,  h  =  0.5.  They  show  Gg  and  Gp  as 
functions  of  the  optical  path  difference  A.  As  A  increases  from  zero, 
the  light  intensity  in  the  image  of  the  particle  first  decreases  until 
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Fig.  III.l.     The  en<'rgv  densities  G.,  and  Gp  as  a  function  of  the  value  of  A  for  par- 
ticles for  which  g  =  I   and  which  are  observed  with  a  phase  objective  described  by 

6  =  -90°  and  h  =  0.5. 


{Gp)nnn  Js  reachcd,  and  then  increases.  For  values  of  A  greater  than 
53.13°  the  image  of  the  particle  becomes  brighter  than  the  image  of 
the  surround.  A  reversal  of  contrast  may  therefore  be  expected  at  the 
point  A  =  53.13°  when  5  =  —90°  and  h  =  0.5.  If,  as  a  criterion  of 
good  dark  contrast,  the  value  of  K  is  taken  between  the  limits 
—  1  ^  /v  ^  —"H,  i.e.,  if  the  light  intensity  in  the  image  of  the  particle 
shall  not  exceed  }4  the  intensity  in  the  image  of  the  surrotmd,  there  will 
exist  for  every  value  of  /i  a  pair  of  values  Aj  and  A2  such  that  the  diffrac- 
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tion  plate  can  be  expected  to  produce  good  contrast  for  all  values  of 
A  in  the  interval  Ai  ^  A  ^  Ao.  Such  pairs  of  Ai  and  A2  have  been 
computed  from  Eqs.  1.4  and  1.5  and  are  listed  in  Table  III. 2  as  functions 
of  /).  The  simple  theory  predicts  therefore  that  the  general-purpose 
diffraction  plate  (0.5  ^h^  0.632;  8  =  -90°  =  -X/4)  will  result  in 
good  dark  contrast  for  values  of  A  lying  between  12°  and  47°  and  that  the 
particle  will  be  visible  against  its  surround  for  an  even  greater  range  of 
values  of  A. 

Table  ITI.2 

The  interval  Aj  ^  A  ^  Aj  for  which  the  contra.st  K  lies 
hetMeeii  the  limits  — l^K^  —  ^^asa  function  of 
h  when  0.1  ^  h  ^  0.1  in  the  case  g  =  1  and  5  =   —90° 

h  Ai°  A2° 


0.1 

2.42 

9.00 

0.2 

4.85 

17.77 

0.3 

7.32 

26.10 

O.-l 

9.77 

33.83 

0.5 

12.25 

40.67 

0.6 

14.78 

47.13 

0.7 

17.37 

52  62 

The  specifications  for  a  general-purpose  diffraction  plate  for  obtaining 
bright  contrast  with  transparent  particles  whose  optical  path  exceeds 
that  of  the  surround  are  again  0.5  ^  h  ^  0.632,  but  5  =  +90°  instead  of 
-90°.  Let  the  fixed  values  5  =  +90°,  g  =  I,  and  /ii  =  1  be  substituted 
into  Eqs.  II.8.7  and  II.8.8.     Then 

Gp  =  /i^  +  2  -  2  cos  A  +  2/1  sin  A.  (1.6) 

The  contrast  values  K  =  ((7,,  -  GJ  'Gs  of  Table  III.3  have  been  com- 
puted with  the  aid  of  Eqs.  1.6  for  values  of  A  in  the  first  quadrant  (i.e., 
for  the  interval  0  ^  A  ^  90°)  and  for  values  of  h  in  the  range  0  ^  h  ^ 
0.7.  Table  III. 3  shows  that,  when  h  is  fixed  at  any  value,  K  is  an  in- 
creasing function  of  A  throughout  the  first  quadrant.  The  behavior 
of  the  bright-contrast  values  A'  >  0  for  particles  with  A  values  which  lie 
in  the  first  ciuadrant  differs  in  two  notable  respects  from  the  behavior 
of  the  dark-contrast  values  /v  <  0  which  result  from  setting  5  =  —90° 
instead  of  +90°.  First,  at  fixed  ^'alues  of  h  the  bright-contrast  values 
A'  do  not  reach  either  a  maximum  or  a  minimum  for  any  point  A  which 
falls  within  the  first  quadrant.  Second,  since  the  contrast  values  of 
Table  III.3  are  all  positive,  reversal  of  contrast  does  not  occur  at  any 
value  of  h  or  A  listed  in  the  table.     Table  III. 3  shows  also  that  optimum 
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Table  III. 3 


The  contrast  values  K  as  functions  of  h  and  A  when 
0  ^  A  ^  90°  in  the  case  g  =  1  and  5  =  +90° 


A°\\ 
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20 

00 
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6.44 
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2.46 

1.85 

1.48 
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00 

36.8 
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4.17 
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2.41 
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CO 

59.6 

18.1 

9.48 

6.14 

4.44 

3.44 

2.79 
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86.8 

25.5 
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4.54 

3.65 
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7.46 
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4.52 
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42.3 

20.9 
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9.02 
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5.37 
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CC 
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24.9 

15.3 

10.6 

7.87 

6.19 

90 

00 

220 

60.0 

28.9 

17.5 

12.0 

8.89 

6.94 

bright  contrast,  K  =  3,  has  already  been  exceeded  when  A  =  45°  =  X/8 
for  all  listed  values  of  h.  Optimum  contrast  is  not  reached,  however,  for 
h  values  in  the  range  0.5  S  h  ^  0.632  when  A  is  less  than  30°.  If  as  a 
criterion  of  good  bright  contrast  it  is  refjuired  that  K  ^  2,  i.e.,  it  is  re- 
quired that  the  light  intensity  in  the  image  of  the  particle  shall  be  at 
least  three  times  the  light  intensity  in  the  image  of  the  surround,  there 
will  exist  for  every  value  of  /i  >  0  a  value  of  A  =  A3  such  that  the  dif- 
fraction plate  can  be  expected  to  produce  good  bright  contrast  for  all 
values  of  A  in  the  interval  A3  ^  A  ^  90°.  These  values  of  A3  have  been 
determined  from  Eqs.  1.6  and  are  listed  as  a  function  of  h  in  Table  III. 4. 
Tables  III. 3  and  III. 4  indicate  that  good  bright  contrast  may  be  ex- 
pected with  a  0.25A+X/4  diffraction  plate  (see  Fig.  III. 3a)  in  observing 
particles  for  which  A  falls  in  the  range  21°  <  A  ^  90°.  For  smaller 
values  of  A  the  simple  theory  indicates  that  h  must  be  less  than  0.5  in 
order  to  obtain  sufficiently  good  bright  contrast.  It  is  possible  that  the 
phase  microscopist  will  prefer  a  general-purpose  bright-contrast  plate 
with  a  more  highly  absorbing  conjugate  area  than  would  be  selected  for 
a  general-purpose  dark-contrast  plate. 

Object  specimens  which  are  absorbing  and  which  have  a  refractive 
index  equal  to  the  refractive  index  of  the  surround  (g  ^  I,  A  =  0) 
present  a  different  set  of  requirements  for  a  useful  diffraction  plate.  If 
the  values  A  =  0  and  hi  =  I  are  substituted  into  Ecj.  II. 8. 8,  then  when 
either  8  =  +90°  or  8  =  -90°  is  also  substituted  into  Eq.  II. 8.8  the 
expression  for  Gp  becomes 

G^=  (g-  1)^  +  Al  (1.7) 
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Sections  II.  11  and  11.15  have  shown  that  the  diffraction  plate  for  which 
8  =  ±180°  or  for  which  5=0  can  l)e  expected  to  be  more  useful  in 
producing  bright  or  dark  contrast,  respectively,  than  the  diffraction  plate 
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for  which  5  =  ±90°.     When  A  =  0  and  5  =  ±180°,  Eq.  II. 8.8  becomes 

G,  =  [A+  (1  -g)?.  (1.8) 

When  A  =  0  and  5  =  0,  Va[.  II.8.8  becomes 

G,  =  [h  -  (1  -  g)f.  '      (1.9) 

In  each  case 

Gs  =  Ir. 

Table  III. 5  permits  comparison  of  the  contrast  values  K  =  (Gp  —  Gs)/Gs 
which  are  computed  with  the  help  of  Eqs.  1.7,  1.8,  and  1.9  for  values  of 
h  in  the  range  0.02  ^  h  ^  1.0  and  for  a  particle  for  which  A  =  0  and 
g  =  0.9.  Such  a  particle  transmits  0.9"  =  0.81  times  as  much  light  as 
its  surround.  The  diffraction  plates  for  which  5  =  ±90°  produce  only 
bright  contrast,  but  as  l)right-contrast  plates  they  do  not  compare 
favorably  with  the  diffraction  plates  for  which  5  =  ±180°.  The  dark 
contrast  produced  by  the  diffraction  plate  for  which  5  =  0  and  for  which 
0.1  ^  h  ^  1.0  does  not  deteriorate  so  rapidly  with  increasing  value  of  h 
as  does  the  bright  contrast  produced  by  the  diffraction  plate  for  which 
5  =  ±180°.  Table  III. 5  shows  that  a  value  less  than  0.5  must  be 
assigned  to  h  if  good  contrast,  either  bright  or  dark,  is  to  be  obtained. 
The  ordinary  oljjective  [h  =  1,  5  =  0)  produces  dark  contrast  K  = 
—0.19.  Even  when  the  value  of  h  is  as  high  as  0.5  on  a  diffraction  plate 
for  which  5  =  0,  the  resulting  dark  contrast  K  =  —0.36  certainly  shows 
an  improvement  o\'er  the  contrast  produced  by  an  ordinary  ol)jective. 

Although  the  simple  theory  states  that  the  diffraction  plates  charac- 
terized by  5  =  ±90°  are  not  generally  useful  when  the  object  specimen 
is  slightly  absorbing  and  has  an  optical  path  equal  to  that  of  the  sur- 
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Table  IIL5 


The  contrast  values  X  as  a  function  of  h  and  5  in 
the  case  g  =  0.9  and  A  =  0 
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round,  this  prediction  no  longer  holds  when  the  optical  path  of  a  slightly 
absorbing  particle  is  not  negligible  with  respect  to  the  optical  path  of 
the  surround.  The  comparative  usefulness  of  the  general-purpose  plate 
can  be  estimated  from  Eq.  II. 8. 8  by  substituting  into  this  eciuation  the 
pertinent  values  of  g,  A,  h,  and  5.  For  example,  Table  III.l  states  that 
K  =  -0.944  when  g  =  I,  A  ^  A„,i„  =  26.57°,  h  =  0.5,  and  8  =  -90°. 
If  Eq.  II.8.8  is  solved  with  h  =  0.5  and  5  =  -90°  when  g  =  0.9  and  A  is 
again  26.57°  and  if  K  is  computed  as  before,  then  K  =  —0.81.  This 
is  still  good  dark  contrast.  An  example  that  concerns  itself  with  bright 
contrast  may  be  obtained  by  substituting  g  =  0.9,  A  =  30°,  h  =  0.5, 
and  6  =  90°  into  Eq.  II. 8. 8  and  then  computing  the  value  of  K.  K  is 
then  2.80.  This  is  good  bright  contrast.  From  Table  III. 3  it  is  seen 
that,  if  5  =  90°,  h  =  0.5,  g  =  1,  and  A  =  30°,  then  K  =  3.07.  No 
comprehensive  consideration,  even  from  the  point  of  view  of  the  simple 
theory,  can  be  included  here  for  the  class  of  particles  A    <  0,  </  5^  1. 

It  is  implicit  in  the  simple  theory  that  Lummer's  theorem  holds 
and  that  there  is  no  overlap  of  the  deviated  and  undeviated  light  in 
the  conjugate  area.  No  dependence  on  the  shape  and  dimensions  of 
the  object  specimen  is  included.  However,  it  is  not  to  be  expected 
that  the  more  general  theory  of  phase  microscopy  will  nullify  the  quali- 
tative aspects  of  the  simple  theory.  Sections  14  and  15  of  Chapter  VII 
show  that  there  can  exist  within  the  geometrical  image  of  the  particle  an 
extended  area,  called  the  A  region,  for  which  the  laws  predicted  by  the 
general  theory  reduce  to  the  laws  of  the  simple  theory.  In  practice 
the  preferred  value  of  h  depends  strongly  on  the  size  of  the  conjugate 
area.  Users  of  the  phase  microscope  have  found  a  very  wide  field  of 
applicability  for  bright-  and  dark-contrast  diffraction  plates  for  which 
5,  the  optical  path  difference  between  the  conjugate  and  complementary 
areas,  is  either  +90°  or  —90°  but  for  which  h,  the  amplitude  trans- 
mission ratio  of  these  areas,  may  be  less  than  or  greater  than  unity.  The 
range  0.3  <  h  <  0.7  is  the  most  useful.  It  is  obvious  that  the  manu- 
facturer of  phase  microscopes  must  depend  on  observations  of  many 
microscopists  in  order  to  determine  what  compromise  results  in  the  best 
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dilTraction  plate  or  series  of  diffraction  plates  to  be  incorporated  into  a 
given  objective.  At  times  it  may  be  necessary  to  provide  a  diffraction 
plate  that  does  not  belong  to  the  category  of  general-purpose  diffraction 
plates  in  order  to  help  solve  a  special  problem. 

2.  THE  DIFFRACTION  PLATE 

The  first  part  of  this  section  will  describe  briefly  methods  for  producing 
a  diffraction  plate  in  which  the  x'alue  of  the  optical  path  difference  be- 
tween the  conjugate  and  the  complementary  area  is  established  for  a 
given  wavelength  and  remains  fixed,  and  in  which  the  value  of  the  energy 
transmission  of  the  conjugate  area  relative  to  that  of  the  complementary 
area  is  also  fixed.     Apparatus  that  permits  a  gradual  variation  of  either 


Fig.  III.2.     Schematic  drawing  for  tlie  design  of  a  noii-absorbing  diffraction  plate. 

the  optical  path  difference  or  the  relative  energy  transmission  or  both 
by  making  use  of  the  properties  of  polarized  light  will  be  discussed  in 
Section  9. 

Suppose  that  a  diffraction  plate  is  to  be  made  with  an  optical  path 
difference  equal  to  some  fraction  rf  of  a  wavelength  between  the  conjugate 
and  the  complementary  area,  and  suppose  that  there  is  to  be  no  absorp- 
tion in  either  area.  It  is  simplest  to  delineate  the  case  in  which  materials 
are  to  be  deposited  on  a  support  such  as  a  flat,  parallel,  homogeneous 
glass  plate  in  order  to  produce  the  conjugate  and  complementary  areas. 
A  design  for  a  non-absorbing  diff'raction  plate  is  shown  schematically  in 
Fig.  III. 2.  A  thickness  ti  of  material  with  a  refractive  index  Ui  forms 
the  conjugate  area.  Over  the  complementary  area  is  a  thickness  ^2  of 
a  second  dielectric  material  which  has  a  refractive  index  M2.  The  coat- 
ings on  both  areas  are  surrounded  by  a  medium  which  has  a  refractive 
index  n.  The  optical  path  difference  between  the  conjugate  and  com- 
plementary areas  is 

(ni  -  n)h  -  (no  -  n)t2  =  d\.  (2.1) 

It  is  usually  most  practicable  to  choose  materials  that  will  allow  the 
condition  ti  =  (2  =  t  to  he  satisfied  when  the  required  optical  path 
difference  is  introduced.  Here  it  is  convenient  to  take  the  point  of  view 
either  that  the  embedding  material  with  refractive  index  n  becomes  the 
material  that  forms  the  complementary  area  and  /i2  =  n,  or  that,  if  a 
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substance  with  refractive  index  rii  is  selected  for  the  conjugate  area,  the 
use  of  a  material  with  refractive  index  /?2  for  the  complementary  area 
eliminates  any  contribution  of  the  embedding  material  to  d\.  With  this 
choice  of  coating  materials  Eq.  2.1  becomes 

(ni  -  n2)t  =  d\.  (2.2) 

If  an  absorbing  material  is  also  deposited  upon  or  incorporated  into 
either  the  conjugate  or  the  complementary  area,  then  the  amount  n^ts 
must  be  added  to  the  optical  path  of  that  area.  Here  n^  =  refractive 
index  of  the  absorbing  material  and  /3  =  thickness  of  the  absorbing 
material.  If  the  absorbing  substance  is  applied  on  the  conjugate  area 
of  the  plate  represented  by  Fig.  III. 2  and  if  the  optical  path  difference 
between  the  conjugate  and  complementary  areas  remains  d\,  then 

(rii  —  )i)li  +  (n3  —  n)ts  —  (^2  —  n)f2  =  d\.  (2.3) 

If,  on  the  other  hand,  the  absorbing  material  is  applied  on  the  comple- 
mentary area  of  such  a  diffraction  plate  and  if  the  optical  path  difference 
between  the  conjugate  and  complementary  areas  is  again  c/X,  then 

(ni  -  n)(i  -  (n-s  -  n)t-i  -  (n-.  -  n)f2  =  d\.  (2.4) 

As  before,  it  is  convenient  to  choose  n  =  ^2.  Equations  2.3  and  2.4 
become 

{rii  -  n2)h  +  (^3  -  n2)h  =  d\;  (2.5) 

(ni  —  W2)/i  —  (ns  —  n2)/3  =  rfX.  (2.6) 

It  will  be  seen  (Sections  2.3  and  2.4)  that  the  design  specifications  for 
either  an  achromatic  or  a  color  diffraction  plate  can  be  satisfied  if  the 
refractive  indices  of  the  materials  constituting  the  coating  on  the  dif- 
fraction plate  are  given  functions  of  the  wavelength.  If  the  dispersion 
is  important,  then  the  Ecjs.  2.1-2.6  can  be  written  to  include  the  de- 
pendence on  wavelength  explicitly.  It  may  also  become  advantageous 
when  such  specialized  dift'raction  plates  are  reriuired  to  consider  only  the 
more  general  Eq.  2.1  and  work  with  three  materials  having  refractive 
indices  ni(X),  n2{\),  and  n{\). 

Procedures  and  materials  are  available  which  will  allow  the  contribu- 
tion (^3  —  ^2)^3  to  be  neglected  because  the  re(iuired  amount  of  absorp- 
tion is  obtained  when  f^  is  still  very  small  compared  with  ^i.  For 
purposes  of  the  discussion  it  will  be  sufficient  to  consider  that  the 
optical  path  difference  between  the  conjugate  and  complemontaiy  areas 
is  given  by 

(ni  -  n2)h  =  d\  (2.7) 
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and  that  (ris  —  ^2)^3  either  is  neghgible  or  is  apphed  later  as  a  small 
correction.  A  series  of  equations  with  the  form  of  Eq.  2.7  formulate 
the  problem  if  the  dependence  of  the  refractive  index  on  wavelength  is 
relevant,  and  any  such  considerations  must  be  superimposed  upon  the 
general  discussion  included  in  Section  2.1.  The  phase  accessories  now 
supplied  as  standard  equipment  by  various  manufacturers  produce  a 
neutral,  i.e.,  a  black,  gray,  and  white  image  of  most  transparent  speci- 
mens when  white  light  is  incident  on  the  specimen.  If  the  conjugate 
area  of  the  diffraction  plate  is  colored,  the  image  of  the  material  sur- 
rounding a  specimen  (the  field  of  view)  will  appear  similarly  colored. 
The  color  of  the  image  of  a  particle  will  be  affected  by  color  in  either  the 
conjugate  or  the  complementary  area.  Wavelengths  transmitted  by 
the  complementary  area  but  not  by  the  conjugate  area  will  superimpose 
a  colored  image  like  that  produced  by  darkfield  illumination  with  these 
wavelengths.  The  introduction  of  color  in  either  the  conjugate  or  the 
complementary  area  or  in  both  is  not  a  satisfactory  method  for  produc- 
ing color  phase  contrast.  Color  phase  contrast  is  a  means  of  causing  the 
detail  in  a  specimen  to  appear  colored  whereas  the  background  in  the 
image  remains  more  or  less  neutral.  To  convert  an  ordinary  objective 
to  a  phase  objective,  one  or  more  of  the  existing  lens  surfaces  may  be 
altered  to  produce  the  conjugate  and  the  complementary  areas,  or  an 
additional  unit  may  be  mounted  in  the  objective.  For  example,  the 
additional  unit  may  consist  of  one  or  more  plane  parallel  glass  plates 
which  have  been  coated  or  otherwise  treated  to  form  the  diffraction 
plate.  The  existing  optical  design  of  an  objective  system  may  not 
always  permit  the  insertion  of  an  additional  glass  plate  at  a  suitable 
plane  in  the  objective. 

2.1.  Making  a  diffraction  plate 

It  is  mentioned  in  Section  3.2  of  Chapter  II  that  an  etching  process 
was- used  to  make  some  of  the  first  diffraction  plates.  These  plates  did 
not  include  an  additional  absorbing  layer  on  either  the  conjugate  or 
the  complementary  area.  A  possible  procedure  is  to  etch  a  glass  surface 
in  order  to  form  a  trough  having  the  shape  of  the  conjugate  area  and  then 
to  cement  a  second  glass  surface  over  the  etched  surface.  This  second 
glass  surface  should  introduce  no  additional  change  in  optical  path  across 
the  diffraction  plate.  The  cement  which  fills  the  trough  forms  the  con- 
jugate area.  The  complementary  area  consists  of  a  layer  of  glass  equal 
in  thickness  to  the  depth  of  the  trough.  If  the  index  of  refraction  of  the 
cement  is  greater  than  that  of  the  etched  glass  element,  then  the  optical 
path  through  the  conjugate  area  is  greater  than  the  optical  path  through 
the  complementary  area.     If  the  index  of  refraction  of  the  cement  is 
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less  than  that  of  the  etched  glass  element,  then  the  optical  path  through 
the  conjugate  area  is  less  than  the  optical  path  through  the  comple- 
mentary area.  If  a  lens  surface  is  etched,  its  refractive  index  has  been 
predetermined  by  the  optical  design,  and  either  the  depth  of  the  etch 
or  the  refractive  index  of  the  cement  is  varied  to  produce  the  specified 
optical  path  difference.  Ob^iously,  it  is  possible  to  begin  by  etching 
the  trough  in  the  shape  of  the  complementary  area  and  again  to  achieve 
the  recjuired  optical  path  difference  by  using  a  cement  with  a  suitable 
index  of  refraction.  It  would  also  be  possible  to  add  an  absorbing  coat- 
ing over  the  specified  area  of  the  etched  surface  or  over  the  second  glass 
surface.  If  the  absorbing  film  of  the  correct  size  and  shape  is  applied 
over  the  second  glass  surface,  this  second  element  must  be  centered 
with  respect  to  the  etched  surface  so  that  the  discontinuity  in  amplitude 
transmission  occurs  at  the  same  place  as  the  discontinuity  in  optical 
path.  At  present  other  methods  of  forming  the  optical  path  step  are 
preferred. 

The  technics  developed  for  e\'aporating  thin  films  in  a  high  \'acuum 
offer  a  very  useful  method  for  making  difiraction  plates.  Optical  path 
differences  may  be  produced  by  evaporating  a  dielectric  material  to  the 
required  thickness,  and  absorption  may  be  introduced  by  evaporating 
a  metallic  film.  However,  the  absorbing  film  need  not  be  a  metallic  one. 
In  general,  a  neutral  conjugate  area  is  preferred.  For  example,  mag- 
nesium fluoride  and  Inconel  form  a  suitable  combination  of  materials. 
It  is  possible  to  proceed  by  evaporating  soft  films  which  are  then  partly 
rubbed  off  to  leave  a  coating  having  the  required  shape  and  area,  or  it  is 
possible  to  use  masks  during  the  evaporation  so  that  durable  films  of 
only  the  required  pattern  are  deposited.  A  second  surface  may  or  may 
not  be  cemented  over  the  coated  surface.  For  the  purposes  of  this 
discussion  it  will  be  assumed  that  the  optical  path  is  produced  by  a 
transparent  dielectric  film  and  that  the  absorption  is  produced  by  a  film 
so  thin  that  the  optical  path  through  it  is  negligible  compared  with  the 
final  optical  path  difference  required.  Many  metallic  films,  if  properly 
formed,  have  a  thickness  equi\'alent  to  an  optical  path  of  less  than  X/20 
even  at  energy  transmissions  of  only  a  few  per  cent. 

If  soft  dielectric  and  absorl)ing  films  are  successively  deposited  on  the 
same  surface  and  if  a  single  ruling  procedure  is  used  to  remove  the  coat- 
ing from  the  complementary  area,  then  the  coating  that  remains  on  the 
conjugate  area  forms  an  absorbing  step  which  has  a  greater  optical  path 
than  the  adjacent  air  path  through  the  complementary  area.  This  by 
itself  would  make  a  bright-contrast  plate  for  particles  having  an  optical 
path  greater  than  that  of  the  surround.  If  a  second  element  is  cemented 
over  the  coated  surface,  then  a  cement  with  a  higher  or  lower  index  of 
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refraction  than  that  of  the  dielectric  film  will  cause  the  conjugate  area  to 
have,  respectively,  a  smaller  or  greater  optical  path  than  the  comple- 
mentary area.  To  produce  a  given  optical  path  difference,  the  thickness 
to  which  the  coating  must  be  deposited  depends  on  the  refractive  index 
of  both  the  dielectric  and  the  cement,  according  to  E(i.  2.7.  A  single 
ruling  process  can  also  be  followed  if  it  is  required  that  the  complemen- 
tary area  absorb  part  of  the  deviated  light.  In  this  case  the  coating  is 
cleaned  off  the  conjugate  area,  and  again  cements  with  the  correct  index 
of  refraction  will  produce  the  necessary  optical  path  step.  Another 
variation  is  to  deposit  the  absorbing  film  on  one  surface  and  the  dielectric 
on  the  other  of  two  surfaces  to  be  ruled  and  cemented  together.  This 
procedure  may  be  useful  if  it  is  preferred  that  the  absorbing  and  di- 
electric films  be  on  adjacent  areas  of  the  diffraction  plate.  For  example, 
the  dielectric  material  is  removed  from  the  conjugate  area  and  the 
absorbing  material  is  removed  from  the  complementary  area.  Then  a 
cement  of  higher  index  of  refraction  than  the  dielectric  forms  a  conjugate 
area  which  has  a  greater  optical  path  than  the  complementary  area. 
Such  a  procedure  requires  more  steps  and  makes  the  additional  demand 
that  the  two  parts  be  centered  with  respect  to  each  other.  The  final 
diffraction  plate  should  always  be  centered  on  the  optical  axis  of  the 
objective. 

A  very  satisfactory  way  to  shield  part  of  the  surface  during  the 
evaporation  is  to  hold  rings  or  disks  punched  out  of  very  thin  iron  or 
steel  sheet  in  contact  with  the  surface  being  coated  by  means  of  a  pair 
of  small,  unlike  magnetic  pole  pieces  placed  behind  the  second  surface 
of  the  plate  or  lens.  If  the  films  so  formed  are  embedded  in  cement,  the 
considerations  concerning  optical  path  differences  are  the  same  as  when 
part  of  the  coating  is  ruled  off.  If  air  rather  than  cement  is  adjacent 
to  the  coating,  then  the  dielectric  film  must  be  deposited  on  the  con- 
jugate area  if  a  particle  having  a  greater  optical  path  than  its  surround 
is  to  appear  in  bright  contrast;  but  if  this  same  particle  is  to  appear  in 
dark  contrast,  the  dielectric  must  be  placed  on  the  complementary  area. 
With  thin  steel  masks  it  is  possible  to  shield  one  area  while  coating  the 
adjacent  region,  and  then  to  remove  the  first  mask,  cover  the  coated 
part  of  the  surface  with  a  second  mask,  and  deposit  a  film  over  the  area 
that  had  been  protected  during  the  first  evaporation.  When  an  annular 
conjugate  area  is  being  produced,  a  non-magnetic  cap  fitting  over  the 
outer  portion  of  the  surface  being  coated  or  a  holder  with  the  required 
aperture  is  used  in  conjunction  with  the  steel  disk  in  order  to  shield  both 
parts  of  the  complementary  area. 

Several  facts  should  be  kept  in  mind  if  evaporated  metal  and  dielec- 
tric films  are  used.     Equation  2.7  states  that  the  greater  the  difference 
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between  the  refractive  index  of  the  dielectric  forming  the  conjugate  area 
and  the  refracti\'e  index  of  the  dielectric  forming  the  complementary 
area,  the  smaller  the  thickness  of  the  coating  need  be.     With  the  tech- 
nics generally  used,  some  dielectric  films  which  are  evaporated  on  glass 
tend  to  scatter  and  peel  if  the  optical  path  through  the  film  exceeds 
1  ju.     If  materials  are  so  chosen  that  a  very  thin  e\'aporated  layer  of 
dielectric  substance  produces  an  optical  path  difference  of,  say,  3^  wave- 
length, the  thickness  of  the  deposition  during  the  evaporation  must  be 
more  carefully  controlled  than  if  a  greater  thickness  of  material  produces 
the  same  optical  path  difference.     Whenever  a  thin  film  is  deposited  on 
a  support  that  has  a  refractive  index  different  from  that  of  the  film,  or 
if  several  films  Avith  different  refractive  indices  are  superimposed  on  a 
support,  then  multiple  reflections  of  light  take  place  at  all  interfaces 
at  which  there  is  a  change  in  index  of  refraction.     These  multiple  re- 
flections are  accompanied  by  interference  phenomena  which  cause  the 
transmitted  light  to  be  colored.     The  color  and  its  intensity  will  depend 
on  the  thickness  of  the  films,  the  refractive  indices,  and  the  order  of 
succession  of  the  films  if  there  are  more  than  one.     The  superposition 
of  metal  and  dielectric  films  on  the  diffraction  plate  can  result,  therefore, 
in  a  broad-band  interference  filter.     For  a  given  choice  of  materials, 
such  color  effects  can  be  minimized  by  properly  arranging  the  order  of 
deposition  of  the  films.     If,  for  example,  magnesium  fluoride  and  Inconel 
are  to  be  superimposed  and  deposited  on  glass  and  if  air  is  the  other 
dielectric  medium  adjacent  to  the  coating,  then  least  color  is  introduced 
if  the  magnesium  fluoride  is  evaporated  directly  on  the  glass  and  the 
Inconel  is  deposited  on  top  of  the  magnesium  fluoride.     Introducing 
color  by  forming  an  interference  filter  on  the  diffraction  plate  is  generally 
not  considered  favorable. 

Plastic  films  are  a  versatile  medium  for  making  diffraction  plates. 
Thin  films  (e.g.,  about  6  jj.  thick)  can  be  produced  by  using  a  doctor  blade 
to  spread  a  layer  of  the  plastic  in  solution  uniformly  over  a  smooth,  flat 
surface  such  as  a  glass  plate  and  allowing  it  to  dry.  Obviously,  dif- 
ferent thicknesses  of  the  layer  of  the  solution  and  different  concentra- 
tions of  the  solution  will  dry  as  films  of  different  thicknesses.  A  punch 
and  die  or  a  cutting  blade  can  be  used  to  form  a  section  of  the  film  in 
the  shape  of  either  the  complementary  or  the  conjugate  area.  The 
plastic  sections  are  then  cemented  between  two  supporting  surfaces  such 
as  flat  glass  plates  or  lens  components.  The  thickness  of  the  plastic 
film,  the  index  of  refraction  of  the  plastic,  and  the  index  of  refraction  of 
the  cement  can  be  changed  according  to  Eq.  2.7  in  order  to  introduce 
the  necessary  optical  path  difference  between  the  conjugate  and  com- 
plementary areas.     Dyes  can  be  incorporated  into  the  plastic  solution 
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so  that  films  of  both  the  required  thickness  and  the  required  tra.ns- 
mission  are  spread. 

Plastic  films  are  particularly  of  interest  when  some  control  of  the 
dispersion  of  the  materials  constituting  the  diffraction  plates  is  necessary. 
It  will  be  seen  later  in  this  section  that  the  problem  of  finding  substances 
with  a  given  dispersion  occurs  when  either  achromatic  or  color  diffraction 
plates  are  made.  Glasses  and  those  substances  which  can  be  evaporated 
to  produce  a  usable  film  do  not  offer  so  much  variety  and  flexibility  as 
do  plastics  and  cements  in  changing  the  relative  dispersions  of  the 
materials  which  form  the  conjugate  and  complementary  areas.  For 
example,  if  cellulose  nitrate,  cellulose  acetate,  or  cellulose  butyrate  in 
solution,  or  a  mixtiu'e  of  these,  is  spread  on  glass  to  produce  the  plastic 
film,  plasticizers  are  available  which  can  be  added  to  the  solution  in 
order  to  control  the  dispersion  of  the  final  film.  Also,  as  an  example, 
the  addition  of  chlorinated  or  brominated  aromatic  hydrocarbons  such 
as  bromonaphthalene  is  a  means  of  changing  the  dispersion  of  the 
common  cement,  Canada  balsam. 

It  is  known  that  a  phase  ol)jective  which  contains  a  diffraction  plate 
made  with  magnesium  fluoride  and  Inconel  adjacent  to  air  as  the  second 
dielectric  material  produces  an  image  with  good  contrast,  either  bright 
or  dark,  when  white  light  is  used  to  illuminate  the  specimen,  although 
the  optical  path  step  has  been  made  equal  to  3^  wavelength  at  X  = 
5461  A.  Such  a  diffraction  plate  is  not  achromatic;  i.e.,  the  optical 
path  is  not  equal  to  3^  wavelength  for  all  wavelengths  of  visible  light. 
The  dispersion  of  the  common  dielectric  optical  substances,  including 
magnesium  fluoride,  is  such  that  the  index  of  refraction  for  the  blue 
wavelengths  of  light  is  greater  than  that  for  the  red  wavelengths. 
Therefore,  if  one  of  these  substances  is  used  adjacent  to  air  in  order  to 
produce  an  optical  path  step  of  X/4  at  X  =  5461  A,  the  dispersion  is  such 
as  to  increase  a  deviation  from  3^  wavelength  at  both  the  blue  and  the 
red  ends  of  the  visible  range.  Some  predictions  made  by  the  simple 
theory  about  the  deterioration  in  contrast  due  to  the  use  of  white  light 
rather  than  a  monochromatic  source  were  discussed  in  Section  1.  If  the 
optical  paths  through  the  two  areas  of  the  general-purpose  diffraction 
plate  are  paths  through  magnesium  fluoride,  metal,  and  air,  some  im- 
provement in  image  contrast  occurs  if  a  green  filter,  such  as  the  Wratten 
B  No.  58,  is  placed  in  front  of  a  heterochromatic  light  source.  At  least 
in  some  instances  this  improvement  may  be  due  in  part  to  the  fact  that 
some  of  the  adverse  effects  due  to  the  aberrations  of  the  objective  have 
been  decreased  when  the  filter  is  used.  If  the  general-purpose  plate 
produces  good  contrast  with  white  light,  it  will,  in  general,  still  produce 
satisfactory  contrast  if  any  one  of  the  Wratten  M  series  of  filters  for 
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photomicrography  is  used  in  front  of  the  hght  source,  although  the  green 
filter  is  preferred. 

2.2.  Diflfraction  plate  with  3X/4  optical  path  step 

In  Section  1  the  diffraction  plate  recommended  for  producing  dark 
contrast  when  the  object  specimen  has  an  optical  path  greater  than  that 
of  its  surround  is  one  in  which  the  optical  path  through  the  comple- 
mentary area  exceeds  the  optical  path  through  the  conjugate  area  by 
3^  wavelength.  A  diffraction  plate  in  which  the  optical  path  through 
the  conjugate  area  exceeds  the  optical  path  through  the  complementary 
area  by  ^  wavelength  will  also  produce  dark  contrast  in  the  image  of 
the  same  specimen.  If  the  diffraction  plate  is  made  of  materials  which 
do  not  form  an  achromatic  diffraction  plate  when  the  optical  path  step 
is  X/4  at  some  wavelength,  then  the  departure  from  achromatism  is  even 
greater  when  the  optical  path  step  is  3X/4  at  that  same  wavelength. 

If  a  diffraction  plate  is  incorporated  into  an  objective  and  the  con- 
denser diaphragm  is  removed,  the  phase  objective  will  function  as  an 
ordinary  objective,  but  the  definition  may  be  impaired  by  a  small 
amount.  Just  as  the  spherical  aberration  of  the  objective  affects  the 
performance  of  the  diffraction  plate,  so  the  coating  of  the  diffraction 
plate  alters  the  spherical  aberration  of  the  objective  as  it  was  originally 
designed.  A  3X/4  step  in  a  diffraction  plate  would  alter  the  spherical 
aberration  of  the  ordinary  objective  more  than  would  a  X/4  step.  For 
very  critical  work  with  the  ordinary  objective,  it  is  in  general  advisable 
not  to  use  an  objective  containing  a  diffraction  plate. 

2.3.  Principles  of  the  achromatic  diffraction  plate 

The  advantages  of  an  achromatic  diffraction  plate  are  seen  best  when 
the  optical  path  difference  between  the  object  specimen  and  its  surround 
is  so  small  that  the  diffraction  plate  is  producing  low  contrast,  especially 
if  photomicrographs  of  the  low  contrast  image  are  taken  with  colored 
filters  in  front  of  the  light  source,  and  when  some  detail  in  a  strongly 
colored  object  specimen  can  be  made  better  visible  by  the  phase  micro- 
scope. 

To  simplify  the  considerations  for  the  achromatic  and  the  color 
diffraction  plates  in  the  remaining  subsections,  reference  to  a  dark- 
contrast  diffraction  plate  will  imply  that  5  =  —90°,  and  reference  to  a 
bright-contrast  diffraction  plate  will  imply  that  5  =  +90°.  Again,  it 
will  be  assumed  that  any  absorbing  material  incorporated  into  the 
diffraction  plate  produces  only  a  negligible  change  in  the  optical  path 
differences  introduced  by  the  dielectric  materials.     It  is  also  to  be  as- 
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sumed  that  the  object  specimen  is  non-absorbing  and  has  an  optical 
path  greater  than  that  of  its  surround,  unless  otherwise  specified. 

If  a  dark-contrast  diffraction  plate  is  to  be  achromatized  for  a  wave- 
length Xi  at  the  blue  end  of  the  spectrum  and  for  a  wavelength  X2  at  the 
red  end  of  the  spectrum,  the  following  two  equations  must  be  satisfied: 

m  -  ria  =  -  —  ;  (2.8) 

ng  -  n4  =  -  —  •  (2.9) 

In  Eqs.  2.8  and  2.9, 

m  =  refractive  index  of  conjugate  area  for  Xi; 
n^  =  refractive  index  of  conjugate  area  for  X2; 
n2  =  refractive  index  of  complementary  area  for  Xi ; . 
^4  =  refractive  index  of  complementary  area  for  X2; 
t  =  thickness  of  the  conjugate  and  the  complementary  area. 

The  refractive  index  of  dielectrics  is  greater  for  the  shorter  wavelengths 
of  the  visible  range  than  for  the  longer  wavelengths.     Therefore,  let 

%  =  «i  -ch]  (2.10) 

?U  =  n2  —  (h.  (2.11) 

If  Eqs.  2.10  and  2.11  are  substituted  into  Eqs.  2.8  and  2.9  and  if  it  is 
eliminated  from  these  equations,  then 

{d2  -di)  ^  b^ll  ^n,  -  na).  (2.12) 

Xi 

Equation  2.12  also  follows  if  a  bright-contrast  diffraction  plate  is  achro- 
matized at  Xi  and  X2.  However,  to  produce  dark  contrast  it  must  be 
true  that  (ni  —  n2)  <  0;  therefore,  according  to  Eq.  2.12  the  dis- 
persion of  the  material  forming  the  conjugate  area  must  be  greater  than 
the  dispersion  of  the  material  forming  the  complementary  area.  To 
produce  bright  contrast  it  must  be  true  that  (ni  —  ^2)  >  0,  and  in  this 
case  Eq.  2.12  states  that  the  dispersion  of  the  material  forming  the  com- 
plementary area  must  be  greater  than  the  dispersion  of  the  material 
forming  the  conjugate  area.  The  same  two  dielectric  substances  may  be 
used  in  making  either  an  achromatic  dark-contrast  or  an  achromatic 
bright-contrast  diffraction  plate  provided  that  each  one  of  these  sub- 
stances is  applied  over  the  correct  area  of  the  diffraction  plate.  The 
material  with  the  higher  refractive  index  must  have  the  lower  dispersion. 
When  Eq.  2.12  is  satisfied,  the  diffraction  plate  is  achromatized  at  Xi  and 
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X2,  but  it  is  not  necessarily  exactly  achromatized  for  all  wavelengths 
between  Xi  and  X2.  If  the  diffraction  plate  is  to  be  exactly  achromatized 
at  A''  wavelengths,  then  a  set  of  A^  simultaneous  linear  equations  of  the 
form  of  Eqs.  2.8  and  2.9  must  be  satisfied. 

Dark  contrast  and  achromatism  are  also  obtained  at  wavelengths 
Xi  and  X2  if,  instead  of  conditions  2.8  and  2.9,  the  equations  (rii  —  n2)t  = 
—  (Xi/4  +  ^-Xi),  and  (%  —  n^)t  =  —  (X2/4  +  A:X2),  in  which  k  is  an 
integer,  either  positive  or  negative,  are  satisfied.  Equations  2.8  and 
2.9  are  the  special  cases  in  which  A;  =  0.  Similarly  the  conditions  for 
bright  contrast  and  achromatism  at  wavelengths  Xi  and  X2  are  also 
satisfied  if  (rii  —  112)1  =  (Xi/4  +  AXj)  and  (W3  —  n^)t  =  (X2/4  +  AX2), 
in  which  k  is  again  an  integer,  either  positive  or  negative.  However, 
Eq.  2.12  follows  unchanged,  regardless  of  how  high  a  multiple  of  J^ 
wavelength  is  chosen  for  the  optical  path  difference  between  the  con- 
jugate and  the  complementary  area.  At  any  wavelength,  the  difference 
between  the  indices  of  refraction  of  the  two  substances  forming  the 
conjugate  and  complementary  areas  is  proportional  to  that  wavelength, 
provided  that  the  conjugate  and  complementary  areas  are  of  ecjual 
physical  thickness. 

2.4.  Principles  of  color  phase  contrast 

Color  phase  contrast  was  first  discussed  by  Zernike  in  1948  (National 
Academy  of  Sciences,*  Spring  Meeting,  1948,  and  Symposium  on  Elec- 
tron and  Light  Microscopy,  June  1948).  Ho\Vever,  the  published 
abstracts  and  reports  of  these  meetings  contain  no  mention  of  color 
phase  contrast.  Since  that  time  Saylor,  Brice,  and  Zernike  (1949  and 
1950)  have  described  additional  investigations  of  the  technics  available 
for  designing  color  phase  plates  by  controlling  or  selecting  the  dispersions 
of  the  substances  forming  the  conjugate  and  complementary  areas. 
Zernike  also  considered  the  use  of  controlled  dispersions  to  make  achro- 
matic diffraction  plates.  Some  discussion  of  the  achromatic  diffraction 
plate  is  contained  in  the  publication  by  Saylor  et  al.  (1950).  Grigg 
(1950)  substituted  colored  filters  for  the  ordinary  diaphragm  of  the 
substage  condenser  in  order  to  achieve  color  phase  contrast  with  a  phase 
objective  which  contained  a  neutral  diffraction  plate  of  standard  design. 
Two  filters  of  contrasting  colors  were  so  assembled  that  undeviated  light 
of  one  color  passed  through  that  area  of  the  diffraction  plate  which 
normally  forms  the  conjugate  area,  and  undeviated  light  of  the  second 
color  passed  through  that  area  which  has  been  designated  as  the  com- 
plementary area  of  the  standard  diffraction  plate. 

The  color  phase  microscope  forms  a  colored  image  of  a  transparent 
specimen  which  differs  in  optical  path  from  its  surround.     In  the  ideal 
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color  phase  contrast  image  the  surround  appears  neutral.  A  phenome- 
non of  phase  microscopy  is  that  the  image  of  a  particle  is  accompanied 
by  a  halo  of  the  opposite  sign.  In  other  words,  the  dark  phase  contrast 
image  of  a  particle  is  surrovmded  by  a  bright  band  or  halo  which  is 
brighter  than  the  image  of  the  general  background,  and  the  bright  phase 
contrast  image  is  surrounded  by  a  dark  halo  which  is  darker  than  the 
image  of  the  general  surround.  The  colored  phase  contrast  image  of  a 
particle  is  surrounded  by  a  halo  of  a  different  color.  In  order  that  a 
phase  microscope  produce  a  colored  image  of  an  object  specimen  when 
the  microscope  and  illuminating  system  have  been  set  up  according  to 
the  procedure  for  Kohler  illumination,  the  curve  which  describes  as  a 
function  of  wavelength  the  relative  phase  difference  which  the  diffraction 
plate  introduces  between  the  undeviated  and  the  deviated  light  must 
show  that  either  of  the  following  two  conditions  exists.  In  the  one,  a 
limited  band  of  wavelengths  forms  either  a  bright-contrast  or  a  dark- 
contrast  image  of  the  object  specimen,  and  the  remaining  wavelengths 
of  the  spectrum  contribute  an  ordinary,  non-phase  contrast  image  of  the 
object  specimen.  In  the  second,  the  requirement  for  bright  contrast  is 
satisfied  for  one  set  of  wavelengths,  the  requirement  for  dark  contrast 
is  satisfied  for  another  set  of  wavelengths,  and  an  ordinary  image  also  may 
be  superimposed  l)y  a  third  band  of  wavelengths,  preferably  very  narrow, 
which  lies  between  those  producing  the  bright-  and  dark-contrast  images 
of  the  object  specimen.  More  complicated  or  less  favorable  designs 
which  give  rise  to  a  color  phase  contrast  image  will  not  be  discussed 
here.  The  wavelengths  that  interfere  to  form  a  dark-contrast  image  of  a 
particle  and  those  that  produce  an  ordinary  image  of  the  particle  and  its 
surround  contribute  to  the  color  of  the  halo.  The  color  corresponding 
to  the  wavelengths  that  interfere  constructively  to  form  a  bright-contrast 
image  of  the  particle  is  absent  in  the  halo.  The  halo  is  a  phenomenon 
associated  with  the  discontinuity  in  optical  path  due  to  the  presence 
of  the  object  specimen,  and  the  halo  is  not  being  taken  into  account  here 
when  references  are  made  to  the  image  of  the  surround.  Color  phase 
microscopy  not  only  produces  striking  images,  but  it  also  helps  the 
microscopist  to  distinguish  between  those  effects  caused  by  small  amounts 
of  absorption  in  the  object  specimen  and  those  caused  by  small  differences 
in  optical  path. 

To  achieve  color  phase  microscopy  by  the  Zernike  method,  the  dis- 
persion of  the  substance  forming  the  conjugate  area  is  so  chosen  in  rela- 
tion to  the  dispersion  of  the  substance  forming  the  complementary  area 
that  phase  contrast  is  not  observed  if  the  specimen  is  illuminated  by  some 
wavelengths  in  the  visible  range  but  that  good  phase  contrast  exists  if 
the  specimen  is  illuminated  by  other  wavelengths.     The  two  kinds  of 
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color  diffraction  plates  to  be  discussed  in  this  section  will  be  called  the 
simple  color  phase  or  diffraction  plate  and  the  reversal  color  diffraction 
plate.  The  simple  color  diffraction  plate  does  not  change  the  phase 
difference  between  that  part  of  the  deviated  and  the  undeviated  light 
which  includes  the  wavelengths  near  one  end  of  the  visible  spectrum, 
but  it  does  introduce  a  relative  phase  change  of  approximately  90° 
between  that  part  of  the  deviated  and  the  undeviated  light  which  in- 
cludes the  wavelengths  at  the  other  end  of  the  visible  spectrum.  If  a 
reversal  color  diffraction  plate  is  mounted  in  the  objective,  bright  .con- 
trast is  obtained  if  the  illumination  incident  on  the  specimen  is  limited 
to  wavelengths  that  lie  near  one  end  of  the  visible  spectrum,  dark  con- 
trast is  observed  if  the  wavelengths  lie  near  the  other  end  of  the  visible 
range,  and  no  phase  contrast  occurs  if  the  light  incident  on  the  speci- 
men consists  only  of  a  band  of  wavelengths  at  some  intermediate  region 
of  the  visible  spectrum. 

For  example,  consider  a  simple  color  diffraction  plate  designed  to  pro- 
duce dark  contrast  if  the  object  specimen  has  an  optical  path  greater 
than  that  of  its  surround  and  if  it  is  illuminated  with  light  containing  the 
yellow,  green,  and  blue  wavelengths.  With  the  same  object  specimen 
consider  also  a  reversal  color  diffraction  plate  designed  to  produce  bright 
contrast  if  red  illumination  is  used,  dark  contrast  if  blue  or  green  light 
only  is  incident  on  the  specimen,  and  no  phase  contrast  if  yellow  light 
illuminates  the  specimen.  References  to  the  color  of  the  image  of  the 
specimen  should  be  interpreted  only  as  meaning  that  the  color  is  pre- 
dominantly or  approximately  that  mentioned.  If  the  source  of  light  is 
white  and  if  the  phase  objective  contains  a  simple  color  diffraction  coat- 
ing, the  image  of  a  particle  with  an  optical  path  greater  than  that  of  the 
surround  is  red.  If  a  green  filter  is  placed  in  front  of  the  light  source 
the  image  of  the  specimen  is  dark  or  black,  but  if  a  red  filter  is  placed 
in  front  of  the  light  source  the  image  of,  the  particle  is  hardly  distinguish- 
able from  that  of  the  surround.  If  the  diffraction  plate  or  coating  in  the 
objective  is  of  the  reversal  color  type,  then  the  image  of  the  same  particle 
is  again  red  if  a  white  light  source  is  used.  If  a  red  filter  is  in  the  light 
beam  the  image  of  the  specimen  appears  brighter  than  the  image  of  the 
surround,  but  if  a  green  filter  is  used  the  image  of  the  specimen  is  dark 
or  black. 

If,  in  this  example,  a  particle  has  an  optical  path  less  than  that  of  the 
surround,  then  all  the  color  contrast  phenomena  are  reversed  and  the 
following  effects  are  observed.  The  combination  of  the  phase  objective 
with  the  simple  color  plate  and  a  white  light  source  produces  a  greenish 
image  of  the  particle.  The  addition  of  a  green  filter  at  the  light  source 
causes  the  particle  to  appear  brighter  than  the  surround,  but  the  particle 
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is  hardly  distinguishable  from  its  surround  if  a  red  filter  is  inserted  in 
front  of  the  light  source.  If  a  reversal  color  diffraction  plate  is  mounted 
in  the  objective,  then  with  white  light  illumination  the  particle  appears 
green.  If  a  green  filter  is  introduced  the  image  of  the  particle  is  brighter 
than  that  of  the  surround,  but  if  the  filter  is  red  the  particle  appears 
black  or  darker  than  the  surround. 

The  reversal  color  diffraction  plate  is  more  efficient  than  the  simple 
color  diffraction  plate.  If  white  light  illuminates  the  specimen  the  color 
of  the  image  of  a  particle  and  of  the  halo  may  be  considered  to  be  com- 
plementary in  the  ideal  case  and  the  image  of  the  background  is  gray. 
The  publication  by  Saylor  et  al.  (1950)  is  mainly  concerned  with  what  has 
here  been  called  reversal  color  contrast. 

Suppose  that  the  design  of  a  simple  color  diffraction  plate  is  being 
considered  and  that  the  undeviated  light  of  a  green  wavelength  Xi  is 
to  be  retarded  by  an  amount  Xi/4  relative  to  the  deviated  light  but  that 
the  undeviated  and  the  deviated  light  of  the  red  wavelength  Xo  undergo 
no  relative  phase  change  on  passing  through  the  diffraction  plate.  The 
conditions  to  be  satisfied  l)y  the  refractive  indices  of  the  materials 
constituting  the  diffraction  plate  are 

(m  -  7i2)t  =  —'  (2.13) 

4 

(ng  -  n^)t  =  0,  (2.14) 

in  which  ni  =  refractive  index  of  conjugate  area  at  Xi; 
ng  =  refractive  index  of  conjugate  area  at  X2; 
712  —  refractive  index  of  complementary  area  at  Xi ; 
714  =  refractive  index  of  complementary  area  at  X2 ; 
t  =  thickness  of  the  conjugate  and  the  complementary  area. 

Since  t  cannot  be  equal  to  zero,  then,  from  Eq.  2.14,  W3  =  714.     Again,  let 

Ma  =  rii  -  di;  (2.15) 

714  =  no  —  c?2-  (2.16) 

If  Eqs.  2.15  and  2.16  are  substituted  into  Eq.  2.13,  it  follows  that 

idi-d2)=j^'  (2.17) 

Equation  2.17  is  intuitively  obvious.  The  refractive  indices  of  the 
materials  forming  the  conjugate  and  complementary  areas  must  be  equal 
at  X2,  and  the  dispersion  of  the  material  on  the  conjugate  area  is  greater 
in  such  a  way  that  the  optical  path  step  between  the  conjugate  and  com- 
plementary areas  becomes  Xi/4  at  Xi.     Similarly,  if  it  is  preferred  that 
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the  diffraction  plate  produce  phase  contrast  at  the  wavelength  X2  but 
not  at  the  wavelength  Xj,  then 

(ni  -  na)  =  0,  (2.18) 

and 

(4  -rfi)  =  ^-  (2.19) 

No  optical  path  difference  exists  between  the  conjugate  and  comple- 
mentary area  at  Xi,  but  at  X2  the  greater  dispersion  of  the  complementary 
area  introdvices  an  optical  path  difference  of  X2/-4:. 

The  wavelengths  at  which  no  phase  contrast  occurs  form  images  of 
equal  or  nearly  equal  brightness  of  both  the  particle  and  the  surround. 
In  the  examples  related  to  Eqs.  2.17  and  2.19  the  refractive  index  of  the 
substance  selected  for  the  conjugate  area  is  greater  than  or  equal  to  the 
refractive  index  of  the  material  deposited  over  the  complementary  area. 
Then,  if  the  optical  path  of  the  particle  exceeds  that  of  the  surround,  the 
wavelengths  at  which  phase  contrast  is  produced  form  a  brighter  image 
of  the  particle  than  of  the  siu'round.  The  phase  contrast  and  non-phase 
contrast  images  are  superimposed  so  that  the  image  of  the  particle  is 
brighter  than  the  image  of  the  surround  and  is  colored.  However,  if  a 
dielectric  coating  described  by  Ui  and  di  is  applied  over  the  comple- 
mentary area  and  the  coating  described  by  n2  and  ^2  is  deposited  over 
the  conjugate  area,  then  the  materials  selected  according  to  Eq.  2.17 
produce  dark  contrast  with  the  wavelength  Xi  and  neighboring  wave- 
lengths. Therefore  the  color  corresponding  to  these  (green)  wave- 
lengths is  subtracted  from  the  ordinary  white  or  gray  image  of  the  parti- 
cle and  the  image  has  the  color  corresponding  to  the  complementary 
wavelengths.  Similarly,  materials  can  be  selected  according  to  Eq. 
2.19  and  deposited  on  the  diffraction  plate  to  produce  dark  contrast  at 
X2  and  neighboring  wavelengths  so  that  the  image  of  the  particle  is 
composed  only  of  the  shorter  wavelengths  of  the  spectrum.  In  order 
that  a  color  diffraction  plate  of  this  type  function  most  efficiently  with 
white  light  illumination,  the  conditions  for  achromatic  phase  contrast 
should  be  satisfied  for  a  band  of  wavelengths  at  a  selected  part  of  the 
spectrum,  and  the  transition  to  no  phase  contrast  for  a  band  of  wave- 
lengths in  the  other  part  of  the  spectrum  should  take  place  over  a 
relatively  narrow  band  of  wavelengths. 

Several  procedures  for  combining  various  dispersion  characteristics  of 
materials  in  order  to  make  a  reversal  color  diffraction  plate  have  been 
suggested  by  Saylor  et  al.  (1950).  If  the  materials  forming  the  conju- 
gate and  complementary  areas  have  normal  dispersion  curves,  then  a 
diffraction  plate  can  function  satisfactorily  as  a  reversal  color  plate, 
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provided  that  no  optical  path  difference  exists  between  the  conjugate 
and  complementary  areas  for  some  wavelength  Xq  and  the  dispersions 
are  such  that  the  optical  path  difference  is  —  Xi  /4  for  some  wavelength 
Xi  and  is  +X2  '4  for  some  other  wavelength  Xo.  Xo,  Xi,  and  X2  are 
related  either  by  the  inequality  Xi  <  Xq  <  X2  or  by  the  inequality 
Xi  >  Xo  >  X2.  The  dispersion  curves  cross  at  Xq.  It  is  assumed  that 
the  conjugate  and  complementary  areas  are  of  equal  thickness  t,  and 
it  is  convenient  to  consider  the  reversal  color  difTraction  plate  in  terms 
of  an  example. 

Suppose  that  Xi  <  Xo  <  X2  and  that,  if  a  particle  has  an  optical  path 
greater  than  that  of  the  surround,  X2  and  neighboring  wavelengths 
contribute  a  bright-contrast  image  of  the  particle  whereas  Xi  and 
neighboring  wavelengths  form  a  dark-contrast  image  of  the  particle. 
The  ideal  color  phase  contrast  image  would  be  obtained  if  the  require- 
ments for  achromatic  dark  contrast  were  satisfied  for  all  wavelengths 
Xi  ^  Xo  —  e,  the  requirements  for  achromatic  bright  contrast  were 
satisfied  for  all  wavelengths  Xy  ^  Xo  +  7-  and  the  transition  from  dark 
to  bright  contrast  took  place  within  a  very  narrow  wavelength  band 
e  +  7.  This  would  mean  that  the  difference  between  the  refractive 
indices  of  the  substances  constituting  the  conjugate  and  complementary 
areas  is  proportional  to  the  wavelength  in  the  regions  X^  ^  Xo  —  e  and 
Xy  ^  Xo  +  7  and  that  the  phase-accelerating  or  phase-retarding  function 
of  either  area  of  the  diffraction  plate  is  reversed  for  each  of  these  wave- 
length regions;  i.e.,  the  two  dispersion  curves  are  effectively  inter- 
changed on  either  side  of  the  band  of  wavelengths  included  between 
Xo  —  e  and  Xo  +  7.  Therefore,  in  order  for  the  conditions  for  ideal 
reversal  color  phase  contrast  to  be  fulfilled,  the  dispersion  curve  for  the 
material  with  the  lower  index  of  refraction  in  the  region  of  shorter 
wavelengths  must  describe  a  refractive  index  that  decreases  with 
increasing  wavelength  in  the  region  X^-  ^  Xo  —  e,  then  increases  rapidly 
by  an  amount  approximately  equal  to  Xq  '4/  with  increasing  wave- 
length from  Xq  —  e  to  Xo  +  7  and  again  decreases  with  increasing 
wavelength  (or  remains  constant)  in  the  region  X/  ^  Xo  +  7.  At 
present,  no  material  with  such  dispersion  characteristics  is  known, 
and  it  is  impossible  to  realize  the  ideal  reversal  color  phase  plate. 

If  two  substances  with  ordinary  dispersion  properties  are  selected  for 
the  reversal  color  diffraction  plate,  the  material  with  the  greater  disper- 
sion in  the  range  X2  —  Xi  is  deposited  on  the  complementary  area  if  the 
optical  path  difference  between  the  conjugate  and  complementary 
areas  is  to  change  from  —  Xi  '4  for  Xi  to  X2/4  for  X2.  Suppose  that  the 
band  of  wavelengths  around  Xi  corresponds  to  a  blue-green  color  and 
that  the  band  of  wavelengths  around  X2  corresponds  to  the  color  red. 
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Let  Xo  fall  within  the  yellow  region  of  the  spectrum.  It  is  known  that 
if  a  phase  microscope  produces  a  dark-contrast  image  of  a  particle 
having  an  optical  path  exceeding  that  of  the  surround  it  also  forms  a 
bright-contrast  image  of  a  particle  with  an  optical  path  less  than  that 
of  the  surround.  Therefore  the  diffraction  plate  in  this  example  is 
designed  so  that,  in  an  approximate  sense,  the  color  of  the  image  of  a 
particle  with  an  optical  path  greater  than  that  of  the  surround  is  red 
and  the  color  of  the  image  of  a  particle  is  blue-green  if  the  particle  has  an 
optical  path  less  than  that  of  the  surround.  The  halo  around  the  blue- 
green  image  is  red,  and  the  halo  around  the  red  image  is  blue-green. 
The  color  of  the  image  of  the  particle  and  that  of  the  halo  is  of  course 
altered  when  there  is  any  change  in  the  composition  of  the  bands  of 
wavelengths  which  interfere  to  form  bright-  or  dark-contrast  images. 
If  the  two  dielectric  substances  selected  for  a  reversal  color  diffraction 
plate  are  interchanged  as  the  materials  from  which  the  conjugate  and 
complementary  areas  are  made,  then  also  the  colors  which  designate 
whether  the  particle  has  an  optical  path  greater  or  less  than  that  of  the 
surround  are  interchanged. 

The  conditions  which  the  reversal  color  diffraction  plate  in  the  example 
must  satisfy  are 

(m  -  n2)t  =  -  j;  (2.20) 

{ns-n,)t  =  ^;  (2.21) 

(ns  -  ne)t  =  0.  (2.22) 

In  these  last  equations  rii,  n^,  and  n^  are  the  refractive  indices  of  the 
conjugate  area  for  Xi,  X2,  and  Xq,  respectively,  and  n2,  n4,  and  tiq  are  the 
refractive  indices  of  the  complementary  area  for  Xi,  X2,  and  Xq,  respec- 
tively, t  is  again  the  thickness  of  the  complementary  and  conjugate 
areas,  and  Xi  <  Xq  <  X2.     As  before,  let 

ni  -  ng  =  di;  (2.23) 

^2  —  W4  =  d2.  (2.24) 

If  t  is  eliminated  between  Eqs.  2.20  and  2.21  then 

d,-d2=^  ^^-^tA'  (ni  -  712)  <  0.  (2.25) 

The  condition  2.22,  which  is  related  to  the  value  of  Xq,  has  not  been  used 
in  obtaining  Eq.  2.25.     Equation  2.25  does  not  fix  the  value  of  Xq,  the 
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point  of  intersection  of  the  two  dispersion  curves  which  describe  the 
change  in  tii  and  n-z  with  wavelength.  A  number  of  pairs  of  materials 
may  satisfy  Eqs.  2.20  and  2.21  and  therefore  Eq.  2.25,  but  each  pair  may 
satisfy  Eq.  2.22  for  a  different  wa\'elength  Xq. 

The  combination  consisting  of  Eqs.  2.20  and  2.22  or  the  combination 
consisting  of  Eqs.  2.21  and  2.22  has  a  solution  of  the  same  form  as 
Eq.  2.17  or  2.19.     Let 

ni  =  ns  +  ai;  (2.26) 

W2  =  ne  +  a2;  (2.27) 

th  =  ns  -  as;  (2.28) 

n^  =  n,,  -  04-  (2.29) 

Then,  if  two  materials  are  selected  which  have  the  same  index  of  refrac- 
tion for  the  wavelength  Xq  and  if  Eqs.  2.20  and  2.21  are  also  satisfied, 
it  follows  that 

(a2-ai)=^,  (2.30) 


and 


(a4-a3)  =  j^-  (2.31) 


Equations  2.20,  2.21,  and  2.22  together  with  Eqs.  2.26-2.29  also  show 
that  (ai  —  a2)  =  (^i  —  ^2)  <  0  and  that  (03  —  04)  =  (ri4  —  riz)  <  0 
in  this  particular  design  for  a  reversal  color  diffraction  plate.  In 
general,  it  is  not  possible  to  satisfy  Ecis.  2.20,  2.21,  and  2.22  simul- 
taneously for  any  three  arbitrary,  preselected  values  of  Xi,  X2,  and  Xq 
unless  it  is  possible  to  introduce,  also  arbitrarily,  second-order  effects 
into  the  dispersion  characteristics  of  at  least  one  of  the  substances 
forming  the  diffraction  plate. 

The  designs  presented  here  for  color  phase  microscopy  represent  the 
simplest  and  most  direct  approach  to  the  problem  if  a  result  is  to  be 
obtained  by  making  use  of  the  different  dispersions  of  materials.  Theory 
does  not  limit  the  choice  of  optical  path  difference  between  the  conjugate 
and  complementary  areas  to  }4  wavelength  for  Xi  and  Xq,  for  example, 
and  to  no  path  difference  for  Xq.  Schemes  are  also  allowed  in  which  the 
optical  path  difference  for  Xi  and  X2  are  higher  multiples  of  J^  wave- 
length and  in  which  the  optical  path  difference  for  Xq  is  3^  wavelength 
or  a  multiple  of  3-9  wavelength.  For  best  performance  it  is  necessary 
that  the  amplitude  of  the  deviated  light  and  that  of  the  undeviated 
light  be  balanced  with  a  color  diffraction  plate  as  with  the  standard, 
neutral  diffraction  plate.     A  neutral  absorbing  material  may  be  in- 
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corporated  in  the  proper  area  of  the  diffraction  plate  in  order  to  obtain  a 
favorable  amplitude  transmission  ratio  between  the  conjugate  and 
complementary  areas.  Decreasing  the  width  of  the  conjugate  annulus 
decreases  the  amount  of  absorption  ordinarily  required  in  the  conjugate 
area. 

The  modification  described  by  Grigg  (1950)  will  also  serve  as  a  method 
for  obtaining  reversal  color  contrast.  In  this  scheme,  the  opaque  area 
of  the  standard  condenser  diaphragm  for  phase  microscopy  is  replaced 
by  a  color  filter,  and  a  filter  of  contrasting  color  is  mounted  over  the 
normally  transmitting  area  of  the  diaphragm.  This  bi-colored  dia- 
phragm is  used  together  with  the  standard,  neutral  diffraction  plate. 
Suppose  that  the  area  of  the  phase  condenser  diaphragm  which  normally 
transmits  all  the  incident  illumination  and  which  is  imaged  on  the 
conjugate  area  of  the  diffraction  plate  is  now  made  to  transmit  light  of 
color  A.  Suppose  also  that  the  normally  opatiue  region  of  the  phase 
condenser  diaphragm  is  replaced  by  a  filter  which  transmits  light  of 
color  B.  This  area  of  color  B  is  imaged  on  the  complementary  area  of 
the  diffraction  plate.  Assume  that  the  diffraction  plate  is  a  general- 
purpose  dark-contrast  plate.  Then,  if  a  particle  having  an  optical 
path  exceeding  that  of  the  surround  is  moved  into  the  field  of  the 
microscope,  the  diffraction  plate  again  functions  as  a  dark-contrast  plate 
for  the  light  of  color  A.  Since  for  the  light  of  color  B  the  conjugate  and 
complementary  areas  of  the  diffraction  plate  have  in  effect  been  inter- 
changed, a  bright-contrast  image  of  the  particle  is  formed  with  the  light 
of  color  B.  The  image  of  color  B  is  superimposed  upon  the  black  image, 
so  that  the  particle  appears  color  B.  The  halo  appears  color  A,  and  the 
general  surround  appears  some  color  intermediate  between  A  and  B. 
Similar  reasoning  will  show  that,  if  the  particle  has  an  optical  path 
smaller  than  that  of  the  surround,  the  color  of  the  image  of  the  particle 
is  A,  the  color  of  the  halo  is  B,  and  the  color  of  the  image  of  the  surround 
is  intermediate  between  A  and  B.  Too  much  chromatic  overlapping 
of  the  substage  condenser  filters  should  be  avoided.  With  this  method 
and  the  standard  diffraction  plate,  the  intensity  of  the  light  admitted 
by  the  normally  opaque  area  of  the  substage  condenser  diaphragm  must 
be  less  than  that  admitted  by  the  normally  transmitting  area.  Polar- 
oids mounted  over  the  proper  regions  allow  control  of  this  intensity. 

2.5.  Nomenclature  for  dilTraction  plates 

As  the  variety  of  available  diffraction  plates  increases,  a  generally 
accepted  nomenclature  for  designating  the  diffraction  plate  with  which  a 
particular  observation  is  made  will  become  increasingly  important.  The 
essential  characteristics  of  a  diffraction  plate  are  fi^  =  T,  the  ratio  of 
the  energy  transmission  of  the  conjugate  area  to  the  energy  transmission 
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of  the  complementary  area,  and  5,  the  optical  path  difference  between 
the  conjugate  and  complementary  areas  of  the  diffraction  plate.  It  is 
relevant  to  point  out  any  dependence  of  the  value  of  h  on  wavelength 
such  that  colored  images  analogous  to  those  observed  with  darkfield 
illumination  are  introduced  and  to  indicate  the  dependence  of  5  on 
wavelength  if  variations  in  dispersions  produce  color  phase  contrast. 
A  'complete  description  of  a  diffraction  plate  should  also  contain  the 
values  of  the  numerical  aperture  corresponding  to  the  boundaries  of  the 
conjugate  area  (p2  —  Pi,  Fig.  11.20).  In  particular,  a  statement  con- 
cerning the  effect  produced  in  an  image  by  a  given,  definite  change  in  the 
value  of  T  is  quantitatively  meaningful  only  if  the  size  and  location  of 
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Fig.  III.3.     Notation  devised  by  Bennett  et  al.  to  describe  neutral  diffraction  plates. 

the  conjugate  area  are  also  known.  The  notation  adopted  in  this  book 
to  describe  diffraction  plates  that  form  neutral  images  with  white  light 
was  devised  by  Bennett  et  al.  (1946).  This  nomenclature  does  not 
include  a  designation  of  pi  and  po,  but  it  is  useful  in  a  general  discussion 
of  phase  microscopy  despite  this  limitation.  This  system  of  notation 
is  explained  as  follows: 

The  letter  A  is  used  to  identify  all  plates  that  reduce  the  ratio  of  the 
energy  transmission  of  the  conjugate  area  to  the  energy  transmission  of 
the  complementary  area,  and  the  letter  B  identifies  all  plates  that 
increase  this  ratio.  The  ^'alue  of  the  energy  transmission  ratio  is 
designated  by  T  and  precedes  the  letter  A  or  B.  T  is  less  than  or  equal 
to  1  for  A-type  diffraction  plates  and  greater  than  or  equal  to  1  for  B-type 
plates.  If  the  diffraction  plate  increases  the  optical  path  of  the  un- 
deviated  light  relative  to  that  of  the  deviated  light,  the  letter  A  or  B  is 
followed  by  a  +  sign.  If  the  optical  path  of  the  undeviated  light  is 
decreased  relative  to  that  of  the  deviated  light,  the  letter  A  or  B  is 
followed  b}^  a  —  sign.  The  magnitude  of  the  optical  path  difference, 
expressed  in  fractions  5  of  the  wavelength  X  of  the  Hg  line  for  which 
X  =  5461  A,  is  written  after  the  +  or  —  sign.  The  application  of  this 
notation  to  diffraction  plates  with  an  annular  conjugate  area  is  illus- 
trated in  Fig.  III. 3.  The  four  ambiguities  which  may  arise  are  avoided 
by  the   inclusion  of  the  inequalities   contained   in   the  more   explicit 
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definitions  a,  b,  c,  and  d.  In  terms  of  this  notation,  phase  objectives 
of  the  type  TA  — 0.25X  produce  dark  contrast  in  most  biological  applica- 
tions, and  phase  objectives  of  the  type  TA+0.25X  generally  produce 
bright  contrast.  The  value  of  T  required  to  produce  a  given  amount  of 
contrast  depends  strongly  on  the  dimensions  of  the  conjugate  area.  The 
omission  of  any  designation  of  pi  and  p2  is  a  shortcoming  when  a  particu- 
lar observation  is  being  described,  and  a  more  inclusive  nomenclature 
would  be  very  useful. 

3.  ALIGNMENT  OF  THE  PHASE  MICROSCOPE 

The  most  successful  use  of  either  the  ordinary  or  the  phase  microscope 
demands  correct  alignment  of  the  optical  system  and  the  source  of  light. 
The  phase  microscope  needs  only  a  few  relatively  simple  adjustments  in 
addition  to  those  re(iuired  for  the  correct  alignment  of  the  ordinary 
microscope.  As  in  bright  held  microscopy  with  central  conical  il- 
lumination, optimum  performance  is  obtained  w^hen  the  light  source  is 
centered  with  respect  to  the  substage  mirror;  when  the  center  of  the 
substage  mirror,  the  optical  axis  of  the  substage  condenser,  the  optical 
axis  of  the  objective,  and  that  of  the  ocular  are  in  line;  and  when  the 
required  field  and  aperture  of  the  objective  are  uniformly  illuminated. 
Phase  microscopy  imposes  the  additional  conditions  that  the  plane  of  the 
image  of  the  opening  in  the  condenser  diaphragm  shall  coincide  with  the 
plane  of  the  conjugate  area  of  the  diffraction  plate  and  that  the  image 
of  this  opening  shall  fall  within  the  conjugate  area.  Definition  and 
contrast  in  the  image  are  sensitive  to  this  alignment  of  the  opening  in  the 
condenser  diaphragm  with  respect  to  the  conjugate  area  of  the  diffraction 
plate.  Passage  of  part  of  the  undeviated  light  through  the  comple- 
mentary area  generally  causes  a  rapid  loss  of  contrast  in  the  image.  It 
was  pointed  out  in  Section  1  that  parallax  between  the  image  of  the 
opening  in  the  condenser  diaphragm  and  the  conjugate  area  of  the 
diffraction  plate  also  can  cause  loss  of  contrast.  The  diffraction  plate 
should  be  centered  on  the  optical  axis  of  the  objective  by  the 
maker. 

No  two  manufacturers  supply  an  identical  set  of  phase  accessories, 
just  as  no  two  manufacturers  make  identical  microscope  stands  and 
identical  sets  of  optics.  However,  as  with  the  ordinary  microscope,  each 
maker's  equipment  performs  similar  functions,  and  a  recommended 
procedure  for  aligning  the  phase  microscope  may  be  described  in  terms  of 
the  equivalence  of  the  various  parts.  The  diffraction  plate  may  be 
separable  from  the  objective  or  it  may  be  fixed  in  the  objective.  There 
is  a  mount  into  which  a  condenser  is  fitted  and  which  also  carries  the 
diaphragm  to  be  used  with  a  given  phase  objective.     The  substage 
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condenser  mount  may  be  a  single-unit  type  such  that  a  cell  containing  a 
diaphragm  is  screwed  in  or  out  of  position  or  such  that  a  plate  provided 
with  a  diaphragm  can  be  slid  beneath  the  substage  condenser  and  locked 
into  the  correct  plane.  Means  are  provided  for  centering  the  condenser 
diaphragm  with  respect  to  the  conjugate  area  of  the  diffraction  plate. 
(The  diaphragm  containing  the  opening  required  by  the  diffraction  plate 
will  be  referred  to  as  the  condenser  diaphragm,  and  the  iris  diaphragm 
which  controls  the  numerical  aperture  of  the  condenser  and  which  is 
usually  found  at  or  near  the  first  focal  plane  of  the  substage  condenser 
in  the  ordinary  microscope  will  be  designated  as  the  iris  diaphragm  of 
the  condenser.)  Sometimes  means  are  provided  for  centering  the  sub- 
stage  condenser  with  respect  to  the  objective. 

An  auxiliary  optical  system  is  supplied  in  order  to  enable  the  user  to 
view  the  plane  of  the  diff'raction  plate  at  sufficient  magnification  to 
facilitate  the  centering  of  the  condenser  diaphragm  with  respect  to  the 
conjugate  area  of  the  diffraction  plate.  Often  this  is  a  separate  unit 
which  fits  into  the  body  tube  of  the  microscope  stand  in  place  of  an 
eyepiece.  This  unit,  which  is  a  microscope  ha\'ing  a  long  working 
distance  and  which  is  generally  called  the  centering  telescope,  is  usually 
adjustable  in  length  so  that  the  working  distance  and  magnification  can 
be  changed.  Sometimes,  as  on  the  stand  manufactured  by  the  firm  of 
Galileo,  the  eyepiece  of  the  phase  microscope  remains  in  position  and 
another  lens  element  is  moved  into  place  below  the  eyepiece  so  that  the 
combination  forms  the  centering  telescope.  The  objective  lens  of  this 
centering  telescope  is  removed  from  the  path  of  light  when  the  eyepiece 
is  again  to  serve  as  the  ocular  of  the  phase  microscope. 

The  elementary  theory  developed  in  Chapter  II  specified  Kohler 
illumination.  Section  10  of  Chapter  VH  discusses  the  fact  that  under 
certain  conditions  of  critical  illumination  the  appearance  of  the  image 
of  the  object  specimen  in  the  phase  microscope  is  similar  to  the  appear- 
ance of  the  image  with  Kohler  illumination.  The  conditions  necessary 
in  order  that  critical  illumination  cause  the  energy  density  in  the  image 
to  become  similar  to  the  energy  density  produced  with  Kohler  illumina- 
tion are  that  the  source  of  illumination  be  broad  and  fairly  uniform,  that 
a  large  field  of  view  be  illuminated,  and  that  the  speed  of  both  the  lamp 
and  the  substage  condenser  be  high.  These  conditions  are  usually 
satisfied  in  the  normal  use  of  the  microscope  with  critical  illumination. 
When  the  method  of  alignment  recommended  by  a  manufacturer 
follows  the  procedure  for  Kohler  illumination,  the  user  is  assured  that, 
if  he  so  adjusts  his  equipment,  not  only  is  the  field  of  view  as  uniformly 
illuminated  as  is  feasible  but  also  that  the  image  of  the  opening  in  the 
condenser  diaphragm  is  formed  with  the  correct  magnification  and  as 
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close  to  the  plane  of  the  conjugate  area  of  the  diffraction  plate  as  is 
practicable. 

It  has  been  stressed  that  the  size  and  location  of  the  image  of  the 
opening  in  the  condenser  diaphragm  with  respect  to  the  conjugate  area 
of  the  diffraction  plate  is  important.  If  a  lamp  with  a  coiled  filament 
is  used  in  Kohler  illimiination,  a  plate  of  diffusing  glass  may  finally  be 
put  in  front  of  the  lamp  without  loss  of  contrast  or  definition.  Emphasis 
is  laid  on  the  fact  that  the  procedure  recommended  by  the  manufacturer 
should  be  followed  in  order  to  obtain  the  correct  position  of  the  substage 
condenser  and  the  diaphragm  relative  to  the  objective  and  the  diffraction 
plate.  After  such  instructions  have  been  carried  out,  the  lamp  filament 
can  be  imaged  by  means  of  the  lamp  condenser  so  that  the  proper 
conditions  for  either  critical  or  Kohler  illumination  are  satisfied. 

The  following  enumerated  steps  are  suggested  as  a  useful  procedure 
for  the  inexperienced  but  critical  microscopist  in  setting  up  his  phase 
microscope.  However,  the  experienced  microscopist  may  find  it  desir- 
able to  modify  this  procedure.  Kohler  illumination  will  be  indicated 
to  the  extent  that  the  iris  diaphragm  in  front  of  the  lamp  will  form  the 
field  stop  and  that  the  lamp  filament  will  be  imaged  in  the  plane  of  the 
condenser  diaphragm.  A  plate  of  diffusing  glass  may  later  be  placed 
in  front  of  the  lamp.  It  will  be  assumed  that  a  separate  lamp  together 
with  a  substage  mirror  directs  the  light  through  the  substage  condenser. 
The  stands  of  some  phase  microscopes  contain  a  built-in  source  of 
illumination  which  should  be  adjusted  according  to  instructions  given  by 
the  maker. 

1.  Mount  the  substage  condenser  together  with  the  appropriate  diaphragm,  the 
phase  objective,  and  the  eyepiece  on  the  microscojK'  stand.  Place  the  specimen  shde 
on  the  stage.  Set  the  himp  so  that  the  iris  (haphragm  which  controls  its  aperture 
is  a  suitable  distance  from  the  substage  mirror.  Some  manufacturers  specify  the 
distance  from  the  iris  diaphragm  of  the  lamp  to  their  substage  condenser.  If  the 
substage  condenser  is  of  the  Abbe  type,  N.A.  1.25,  then  5  to  8  inches  is  a  nominal 
distance.  Adjust  both  the  lamp  and  the  substage  mirror  so  that  light  reaches  the 
center  of  the  mirror  and  is  reflected  appro.ximately  through  the  center  of  the  sub- 
stage  condenser  and  of  the  objective.  If  the  working  distance  of  the  substage  con- 
denser is  known,  it  is  helpful  for  the  next  step  to  rack  the  condenser  upward  to 
approximately  this  distance  from  the  specimen  slide.  The  user  must  learn  from  the 
manufacturer  whether  the  substage  condenser  must  be  immersed  (e.g.,  in  oil)  when 
it  is  used  with  an  immersion  phase  objective.  The  method  of  phase  microscopy 
requires  that  the  lamp  and  substage  condenser  fill  only  the  conjugate  area  of  the 
diffraction  plate  with  light.  Therefore  some  manufacturers  have  designed  the 
diaphragm  for  the  immersion  phase  objective  so  that  the  substage  condenser  is  used 
dry.  Open  the  iris  diaphragm  of  the  substage  condenser  beyond  the  opening  in  the 
condenser  diaphragm.  Make  certain  that  the  tube  length  of  the  microscope  is  that 
required  by  the  design  of  the  objective. 
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2.  Focus  the  microscope  on  the  specimen.  The  image  seen  at  first  may  be  a  poor 
one.  If  the  optical  properties  of  the  specimen  are  such  th:it  its  image  is  detected 
with  difficulty  with  an  ordinary  nrici-oscope,  it  may  become  necessary  approximately 
to  center  the  opening  in  the  condenser  diaphragm  with  respect  to  the  conjugate  area 
of  the  diffraction  plate  in  order  to  detect  any  part  of  the  specimen.  This  is  done  by 
replacing  the  eyepiece  with  the  centering  telescope,  focusing  the  telescope  on  the 
coating  of  the  diffraction  plate,  and  mani[)ulating  the  centering  adjustments  of  the 
condenser  diaphragm  until  the  image  of  the  opening  in  the  condenser  diaphragm 
appears  over  the  conjugate  area  of  the  diffraction  plate.  Replace  the  eyepiece 
and  then  focus  the  microscope  on  the  specimen.  If  the  substage  condenser  to- 
gether with  the  diaphragm  has  been  racked  too  far  away  from  the  specimen  slide, 
the  central  opaque  area  of  the  diaphragm  may  block  too  much  of  the  light  from 
the  lamp,  and  the  center  of  the  field  of  the  microscope  will  appear  dark.  In  fact, 
if  the  substage  condenser  together  with  the  diaphragm  is  either  too  far  from  or  too 
close  to  the  specimen  slide  the  center  of  the  field  of  the  microscope  may  appear 
dark  or  colored  or  both,  particularly  if  the  iris  diaphragm  of  the  lamp  has  been 
closed  to  a  small  aperture.  Spherical  aberration  of  the  substage  condenser  may  in- 
troduce additional  vignetting  of  light  from  the  lamp,  and  chromatic  aberration  of 
the  substage  condenser  may  introduce  color  in  the  field  of  the  microscope.  It  is 
sometimes  advantageous  to  use  a  low-power  phase  objective  as  a  finder.  In 
this  connection,  if  a  phase  objective  is  used  together  with  the  condenser  diaphragm 
for  a  higher  power  phase  objective,  the  center  stop  of  the  condenser  diaphragm  may 
be  large  enough  to  simulate  the  conditions  for  darkfield  illumination,  and  this  can 
also  be  helpful  in  locating  some  specimens.  Before  going  to  step  3,  make  certain 
that  the  diaphragm  in  the  substage  condenser  is  the  diaphragm  supplied  for  the 
particular  phase  objective. 

3.  After  the  microscope  has  been  focused  on  the  specimen,  close  the  iris  diaphragm 
on  the  lamp  housing  to  form  a  small  aperture.  Raise  or  lower  the  substage  condenser 
until  the  image  of  the  lamp  diaphragm  is  focused  on  the  specimen.  If  the  substage 
condenser  is  of  the  Abl)e  type,  the  image  of  the  edge  of  the  lamp  iris  appears  colored, 
and  more  strongly  so  when  the  condenser  diaphragm  with  an  ainiular  opening  is  in 
position  than  when  the  condenser  is  used  with  a  central  clear  aperture.  The  sub- 
stage  condenser  is  considered  to  be  in  good  focus  when  the  image  of  the  edge  of  the 
lani])  diaphragm  is  in  the  color  range  blue-green  to  purple-blue-purple.  On  account 
of  the  spherical  aberration  of  an  Al)be-type  sulistage  condenser,  the  position  of  the 
so-called  good  focus  for  this  condenser  will  be  different  with  annular  than  with 
central  openings  in  the  condenser  diaphragm.  It  may  also  be  advantageous  to 
refocus  this  substage  condenser  when  a  phase  objective  which  requires  an  opening  of 
one  mean  diameter  and  width  in  the  condenser  diaphragm  is  replaced  by  a  phase 
objective  which  requires  an  opening  of  another  mean  diameter  and  width.  Adjust 
the  substage  mirror  so  that  the  imag(>  of  the  lamp  diaphragm  is  at  least  approximately 
centered  in  the  field  of  view. 

4.  Image  the  lamp  filament  on  the  condenser  diaphragm  or  on  the  iris  diaphragm 
of  the  substage  condenser  by  focusing  the  lamp  condenser.  If  a  plate  of  diffusing 
glass  has  been  placed  in  front  of  the  lamp,  it  should  be  removed  during  this  step, 
but  it  may  be  replaced  after  the  lamp  has  been  adjusted.  Full  use  should  be  made 
of  whatever  means  have  been  built  into  the  lamp  housing  to  adjust  the  lamp  for 
optimum  illumination.  The  image  of  the  filament  should  extend  at  least  over  the 
annular  opening  in  the  condenser  diaphi'agm.  If  the  lamp  envelope  is  frosted,  the 
envelope  is  imaged  on  the  condenser  diaphragm. 
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5.  Open  the  iris  diaphragm  of  the  lamp  so  that  approximately  the  entire  field  of 
view  of  the  microscope  can  be  observed.  The  procedure  that  follows  this  depends 
on  the  type  of  substage  condenser  unit.  If  both  the  substage  condenser  and  the 
condenser  diaphragm  are  separately  centerable  with  respect  to  the  optical  axis  of 
the  microscope,  then  the  next  step  is  to  align  the  optical  axis  of  the  substage  condenser 
with  the  optical  axis  of  the  objective  and,  following  that,  to  adjust  the  condenser 
diaphragm  so  that  the  image  of  the  annular  opening  is  centered  upon  the  conjugate 
area  of  the  diffraction  plate.  If  the  substage  condenser  has  been  precentered,  it  is 
necessary  only  to  center  the  condenser  diaphragm.     In  order  to  make  either  or 


Fig.  III. 4.  Centering  the  substage  condenser  and  diaphragm  for  phase  micros- 
copy, (a)  The  substage  condenser  is  decentered  with  respect  to  the  optical  axis  of 
the  microscope,  (b)  The  substage  condenser  is  centered  with  respect  to  the  optical 
axis  of  the  microscope,  (c)  The  phase  diaphragm  is  decentered  with  respect  to  a 
diffraction  plate  of  the  type  TA  +  5.  {d)  The  phase  diaphragm  is  centered  with 
respect  to  a  diffraction  plate  of  the  type  TA  +  5.  (e)  The  phase  diaphragm  is  de- 
centered  with  respect  to  a  diiTraction  plate  of  the  type  TB  +  d.  (/)  The  phase 
diaphragm  is  centered  with  respect  to  a  diffraction  plate  of  the  type  TB  +  S. 


both  of  these  adjustments,  replace  the  eyepiece  of  the  microscope  by  the  centering 
telescope  and  focus  the  telescope  on  the  coating  of  the  diffraction  plate.  If  the 
substage  condenser  is  to  be  centered,  remove  the  diaphragm  which  has  been  inserted 
for  use  with  the  diffraction  plate  and  close  the  iris  diaphragm  on  the  substage  con- 
denser mount  until  it  appears  in  the  field  of  the  centering  telescope.  If  the  optical 
axis  of  the  condenser  is  not  in  alignment,  the  image  of  the  iris  diaphragm  appears 
decentered  as  in  Fig.  III. 4a.  Turn  the  proper  centering  screws  until  the  iris  dia- 
phragm appears  centered  as  in  Fig.  III.46.  For  final  use  of  the  phase  microscope, 
open  the  iris  diaphragm  until  the  entire  conjugate  area  of  the  diffraction  plate  is 
visible.  Replace  the  condenser  diaphragm  for  the  phase  objective  and  manipulate 
the  centering  adjustments  for  the  diaphragm  until  the  image  of  the  opening  is 
centered  upon  the  conjugate  area.    Figure  III. 4c  shows  the  appearance  of  the  image 
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in  the  field  of  the  centering  telescope  when  the  conjugate  area  is  absorbing  anJ  the 
condenser  diaphragm  is  not  centered.  Figure  III.4d  shows  the  appearance  of  this 
image  after  the  condenser  diaphragm  has  been  centered  with  respect  to  the  conjugate 
area  of  the  diffraction  plate.  If  the  ol)ject  specimen  is  such  that  it  deviates  a  con- 
siderable amount  of  light  into  the  complementary  area,  the  overlap  between  the 
edges  of  the  conjugate  area  and  the  image  of  the  edges  defining  the  annular  opening 
in  the  condenser  diaphragm  can  easily  be  seen.  Figure  III.4e  shows  the  condenser 
diaphragm  decentered  with  respect  to  a  difTraction  plate  in  which  an  absorbing 
coating  has  been  put  on  the  complementary  area  of  the  diiTraction  plate,  and  Fig. 
111.4/  shows  the  correct  alignment  in  this  case. 

(5.  Remove  the  centering  telescope  and  replace  the  eyepiece.  Close  the  lamp 
diaphragm  until  its  image  is  slightly  smaller  than  the  field  of  the  microscope.  If 
necessary,  adjust  the  sul:)stage  mirror  until  the  image  of  the  lamp  iris  is  centered  in 
the  field  of  the  microscope.  With  regard  to  the  opening  in  the  iris  diaphragm  of 
the  lamp,  the  phase  microscope  differs  in  two  ways  from  the  ordinary  microscope. 
The  diffraction  plate  will  cause  a  halo  to  appear  around  the  image  of  the  lamp  dia- 
phragm. For  this  reason  the  diaphragm  in  front  of  the  lamp  should  not  be  closed 
so  far  that  the  halo  about  its  image  is  superimposed  on  the  image  of  the  detail  being 
observed.  Further,  if  a  high-power  phase  objective  (e.g.,  an  oil  immersion  objective) 
is  used  with  an  Abbe-type  substage  condenser  set  in  the  position  for  Kohler  illumina- 
tion, a  check  should  be  made  to  ascertain  that  when  the  lamp  diaphragm  is  closed 
down'as  a  field  stop  the  back  aperture  of  the  phase  objective  is  uniformly  illuminated 
at  least  to  the  outer  edge  of  the  conjugate  area.  Spherical  aberration  may  produce 
vignetting  when  an  annular  opening  at  high  numerical  aperture  admits  light  through 
the  condenser  unless  the  source  of  light  at  the  lamp  is  made  broad.  To  check  this, 
use  the  centering  telescope  to  look  at  the  conjugate  area  of  the  diffraction  plate. 
It  may  be  helpful  to  remove  the  condenser  diaphragm  temporarily  in  making  this 
check.  This  check  may  indicate  the  necessity  of  increasing  the  opening  in  the  iris 
diaphragm  of  the  lamp  beyond  the  minimum  opening  contemplated  for  the  purposes 
of  a  field  stop. 

The  number  of  refinements  which  the  user  of  the  phase  microscope 
wishes  to  make  depends  on  his  problem  and  on  the  type  of  phase  ac- 
cessories. After  the  microscopist  is  famiUar  with  his  equipment,  setting 
up  the  phase  microscope  to  perform  well  takes  very  little  more  time  than 
setting  up  the  ordinary  microscope  to  perform  well.  There  will  always 
be  variations  in  procedure  due  to  differences  in  the  design  of  the  many 
available  microscope  stands.  Sometimes  the  instructions  are,  simply, 
instead  of  step  3,  to  insert  the  centering  telescope  and  to  move  the 
condenser  up  or  down  until  the  image  of  the  opening  in  the  condenser 
diaphragm  almost  fills  the  conjugate  area  of  the  diffraction  plate  when 
the  condenser  diaphragm  has  been  centered  with  respect  to  the  diffrac- 
tion plate.     This  procedure  substitutes  for  steps  3  and  5. 

A  separate  step  to  align  the  iris  diaphragm  of  the  lamp,  the  substage 
iris  diaphragm,  and  the  eyepiece  is  sometimes  recommended.  This 
procedure  requires  that  the  lamp  be  set  at  a  suitable  distance  from  the 
substage  condenser  mount  and  that  the  filament  of  the  lamp  be  imaged 
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on  the  substage  iris  diaphragm  before  the  phase  objective,  the  ocular, 
the  substage  condenser,  and  the  condenser  diaphragm  are  mounted  on 
the  microscope  stand.  To  continue  this  method  of  ahgnment,  place  a 
pinhole  eyepiece  in  the  body  tube  of  the  microscope  and  close  both  the 
substage  iris  diaphragm  and  the  iris  diaphragm  of  the  lamp  to  their 
smallest  apertures.  Adjust  the  substage  mirror  so  that  the  aperture  of 
the  lamp  is  seen  through  the  pinhole  eyepiece  and  the  closed  substage 
iris  diaphragm.  Then,  without  moving  the  sul)stage  mirror  again, 
follow  the  remainder  of  the  procedure  suggested  in  steps  1,  2,  3,  5,  and  6. 
However,  if  the  condenser  to  be  used  is  not  in  a  centering  mount,  it  may 
be  necessary  to  readjust  the  mirror  to  center  the  image  of  the  iris 
diaphragm  of  the  lamp  in  the  field  of  the  microscope  when  step  6  is 
reached.  It  may  also  be  impossible  to  insert  the  condenser  in  its 
mount  without  tilting  the  substage  mirror.  Therefore  this  additional 
check  on  alignment  was  not  included  in  the  suggested  general  procedure. 

If  the  coating  on  the  diffraction  plate  consists  of  only  transparent 
dielectric  materials,  then  it  is  difficult  to  distinguish  the  boundaries  of 
the  conjugate  area  by  means  of  the  centering  telescope  when  the  diffrac- 
tion plate  is  illuminated  l\y  the  entire  cone  of  light  admitted  by  the 
annular  opening  in  the  condenser  diaphragm.  This  introduces  a 
visibility  problem  in  centering  the  condenser  diaphragm.  Usually  the 
manufacturer  of  microscopes  of  good  quality  has  taken  sufficient  care  in 
centering  the  optical  components  of  the  objective,  including  the  diffrac- 
tion plate  or  coating,  with  respect  to  each  other  and  with  respect  to  the 
mount  so  that  if  one  phase  objective  is  replaced  by  another  of  the  same 
power  the  opening  in  the  condenser  diaphragm  may  be  only  slightly 
decentered  with  respect  to  the  conjugate  area  of  the  diffraction  plate. 
Therefore  one  may  center  the  opening  in  the  condenser  diaphragm  with 
respect  to  the  conjugate  area  of  a  phase  objective  which  contains  an 
absorbing  material,  replace  this  phase  objective  w^th  the  non-absorbing 
phase  objective,  insert  the  eyepiece  of  the  microscope,  and  adjust  the 
condenser  diaphragm  until  best  contrast  is  obtained  in  the  image  of  the 
object  specimen.  However,  it  is  possible  to  make  the  edges  of  the 
conjugate  area  of  a  transparent  diffraction  plate  visible  in  the  field  of 
the  centering  telescope  by  cutting  off  part  of  the  cone  of  light  which 
illuminates  the  conjugate  area  in  order  to  produce  oblique  illumination. 
This  can  be  done  either  by  tilting  the  substage  mirror  or  by  blocking 
out  one  side  of  the  light  beam  which  normally  enters  the  substage 
condenser  by  sliding  any  convenient  opaque  obstacle  into  the  light  beam. 
When  the  condenser  diaphragm  has  been  centered,  the  mirror  is  read- 
justed or  the  obstacle  is  removed. 

Some  manufacturers  supply  a  phase  condenser  with  a  long  working 
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distance  for  use  with  specimens  mounted  on  slides  of  greater  than 
standard  thickness  or  for  use  with  specimens  in  cells  or  flasks.  Curved 
surfaces  on  a  specimen  cell  or  flask  can  distort  the  image  of  the  con- 
denser diaphragm  enough  to  make  the  diffraction  plate  useless.  If 
the  slide  or  cell  has  a  sufficiently  great  wedge  angle  or  if  it  has  a  wavy 
surface,  it  may  be  necessary  to  keep  recentering  the  condenser  diaphragm 
with  respect  to  the  conjugate  area  of  the  diffraction  plate  as  the  slide  or 
cell  is  moved  across  the  field  of  the  microscope.  If  the  mounted  specimen 
acts  as  a  lens  and  changes  the  magnification  of  the  image  of  the  con- 
denser diaphragm,  this  can  be  compensated  for  by  substituting  a  new 
condenser  diaphragm  or  by  introducing  a  substage  condenser  with 
variable  power. 

4.  SOME  FEATURES  OF  PHASE  EQUIPMENT  OF  DIFFERENT  MANU- 
FACTURE 

Brief  descriptions  of  various  makes  of  phase  accessories  available  at 
present  will  illustrate  some  of  the  means  adopted  to  satisfy  the  require- 
ments of  phase  microscopy.  The  starting  point  for  each  has  been  the 
objectives,  the  condensers,  and  the  stands  designed  previously  for 
ordinary  microscopy.  Some  manufacturers  have  released  for  publica- 
tion photographs  of  their  phase  microscope  stands,  and  reproductions  of 
these  photographs  are  included  in  Fig.  III. 5.  Most  of  the  photographs 
and  much  of  the  descriptive  information  were  obtained  during  the 
summer  of  1949.  The  notation  (1949)  either  on  the  photograph  or  in 
the  text  indicates  this  fact.  Reference  will  be  made  to  achromatic  or 
apochromatic  objectives  for  phase  microscopy.  This  describes  the 
objective  before  the  diffraction  plate  or  coating  was  added  and  does  not 
imply,  for  example,  that  the  diffraction  plate  itself  has  been  achromatized. 

4.1.  Phase  objectives 

Phase  objectives  have  been  made  by  adding  diffraction  plates  or 
coatings  to  objectives  of  existing  design.  The  standard  phase  accessories 
now  being  sold  form  neutral  images,  in  general,  if  white  light  illuminates 
a  thin,  transparent  specimen.  Also,  the  standard  phase  objectives 
are  supplied  as  units  which  contain  a  diffraction  plate,  or  the  equivalent, 
that  is  not  separable  from  the  objective.  There  is  nothing  in  the  ex- 
ternal appearance  of  the  phase  objective  to  distinguish  it  from  the 
ordinary  objective  except  that  the  maker  takes  care  to  engrave  identifica- 
tion marks  on  the  mount.  The  diffraction  plate  or  coating  can  be  seen 
only  by  looking  through  the  objective. 

All  manufacturers  offer  a  series  of  phase  objectives  which  produce  dark 
contrast  with  a  transparent  object  specimen  that  has  an  optical  path 
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exceeding  that  of  the  surround  by  a  small  fraction  of  a  wavelength. 
This  is  the  type  of  contrast  observed  in  ordinary  brightfield  microscopy 
with  such  a  specimen,  although  the  contrast  is  very  much  less.  The 
phase  objectives  for  dark  contrast  which  are  supplied  by  a  given  maker 
include  a  series  of  focal  lengths.  Achromatic  objectives  for  dark 
contrast  with  focal  lengths  of  approximately  16  mm  and  8  mm,  initial 
magnifications  of  approximately  10  X  and  20  X,  and  numerical  apertures 
of  approximately  0.25  and  0.50,  respectively,  are  made  by  the  American 
Optical  Co.,  Bausch  and  Lomb  Optical  Co.,  R.  and  J.  Beck,  Ltd.  (1949), 
Cooke,  Troughton  and  Simms,  Ltd.  (1949),  C.  Reichert  Co.  (1949), 
Henry  Wild  Surveying  Instruments  Supply  Co.,  Ltd.  (1949),  and  Carl 
Zeiss,  Jena  (1949).  A  dark-contrast  achromatic  objective  with  a  focal 
length  of  approximately  4  mm,  initial  magnification  of  approximately 
43  X,  and  a  numerical  aperture  of  about  0.65  is  available  from  American 
Optical  Co.,  Bausch  and  Lomb  Optical  Co.,  Cooke,  Troughton  and 
Simms,  Ltd.,  Reichert  Co.,  Wild  Co.,  and  Zeiss,  Jena.  A  dark-contrast 
objective  of  4-mm  focal  length  but  with  N.A.  0.85  is  offered  by  Beck, 
Ltd.  R.  Winkel  G.M.B.H.  (Zeiss-Winkel,  1949)  lists  two  dry  achro- 
matic objectives  for  dark  contrast:  lOX,  N.A.  0.25;  and 42 X,  N.A. 0.85. 
Officine  Galileo  (1949)  offers  for  dark  contrast  three  dry  achromatic 
objectives:  10.5 X,  N.A.  0.28;  25 X,  N.A.  0.65;  and  52 X,  N.A.  0.88. 
The  series  of  dry,  achromatic  objectives  for  dark  contrast  available  from 
L  Koristka  and  Co.  (1949)  are  described  as  12 X,  N.A.  0.30;  26 X,  N.A. 
0.65;  45  X,  N.A.  0.85;  and  60  X,  N.A.  0.87.  Immersion  phase  objec- 
tives which  produce  dark  contrast  are  supplied  by  all  manufacturers  of 
phase  microscopes,  and  the  manufacturers  and  phase  objectives  may  be 
summarily  listed  as  follows:  American  Optical  Co.,  1.8  mm,  97 X,  oil, 
N.A.  1.25,  achromatic;  Bausch  and  Lomb  Optical  Co.,  1.8  mm,  97 X, 
oil,  N.A.  1.25,  achromatic;  Beck,  Ltd.,  2  mm,  oil,  N.A.  1.30,  achromatic; 
Cooke,  Troughton  and  Simms,  Ltd.,  1.8  mm,  95 X,  oil,  N.A.  1.30, 
achromatic;  Officine  Galileo,  3'i2  inch,  100 X,  oil,  N.A.  1.30,  achromatic; 
I.  Koristka  and  Co.,  M  inch,  55 X,  oil,  N.A.  0.90,  achromatic;  Koristka, 
^2  inch,  100 X,  oil,  N.A.  1.30,  achromatic;  Koristka,  Ks  inch,  100 X, 
water,  N.A.  1.20,  achromatic;  Koristka,  Ks  inch,  100 X,  oil,  N.A.  1.32, 
semi-apochromatic;  Reichert  Co.,  100 X,  oil,  N.A.  1.25,  achromatic; 
Wild  Co.,  2.2  mm,  85X,  oil,  N.A.  1.25,  achromatic;  Zeiss-Winkel,  90X, 
oil,  N.A.  1.30,  achromatic;  and  Zeiss,  Jena,  90X,  oil,  N.A.  1.25,  achro- 
matic. The  series  of  achromatic  phase  objectives  for  dark  contrast 
made  by  the  American  Optical  Co.  includes  both  type  TA— 0.25X  and 
type  TB— 0.25X,  and  an  objective  of  a  given  focal  length  is  supplied 
with  one  of  several  values  of  T  in  either  type.  The  different  values  of  T 
produce  different  amounts  of  contrast  with  a  given  object  specimen. 
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At  present,  fewer  manufacturers  supply  phase  objectives  that  form  a 
bright-contrast  image  of  a  particle  ha\'ing  an  optical  path  greater  than 
that  of  the  surround  by  a  small  fraction  of  a  wavelength.  I.  Koristka 
and  Co.  offers  as  extensive  a  series  of  objectives  for  producing  bright 
contrast  as  for  producing  dark  contrast.  The  firm  of  Galileo  lists  an 
achromatic  oil  immersion  oV^jective,  ,/i2  inch,  100 X,  and  N.A.  1.30, 
for  producing  bright  contrast.  The  American  Optical  Co.  makes 
bright-contrast  achromatic  objectives  as  follows:  IG  mm,  10 X,  N.A. 
0.25;  8  mm,  20 X,  N.A.  0.50;  4  mm,  43  X,  N.A.  0.66;  and  1.8  mm, 
97  X,  oil  immersion,  N.A.  1.25;  and  several  objectives  of  a  given  focal 
length  can  be  obtained  to  produce  different  amounts  of  bright  contrast. 
The  American  Optical  Co.  also  supplies  a  phase  objective  in. which  the 
coating  that  forms  the  diffraction  plate  consists  of  only  an  absorbing 
film  applied  over  the  conjugate  area  (TA+SX,  0  <  5  ^  0.05). 

The  phase  objectives  mentioned  above  have  an  annular  conjugate 
area.  C.  Baker,  Ltd.  (1950),  has  been  making  phase  objectives  in 
which  the  conjugate  area  is  cruciform.  These  phase  objectives  produce 
dark  contrast  and  include  the  standard  three  dry  achromatic  objectives 
and  an  achromatic  oil  immersion  objective. 

4.2.   Substage  condensers  an<l  condenser  mounts 

The  substage  mount  carries  the  condenser  and  the  condenser  dia- 
phragm. When  each  diaphragm  is  inserted  separately  beneath  the 
condenser  and  must  be  remox'ed  from  the  substage  unit  before  another 
diaphragm  can  be  used,  the  condenser  mount  is  designated  as  the  single- 
unit  type.  Such  a  single-unit  mount  is  available  from  the  American 
Optical  Co.  for  use  with  an  Abbe-type  condenser,  N.A.  1.25.  Each 
diaphragm  is  contained  in  a  cell  which  is  screwed  into  place  below  the 
condenser  whenever  the  diaphragm  is  needed.  Figures  III. 5. la  and 
III. 5. 16  show,  respectively,  a  cell  containing  a  diaphragm  and  the  sub- 
stage  condenser  mount.  The  condenser  is  shown  in  the  mount,  and  it  is 
centered  by  means  of  the  back  pair  of  screws.  The  diaphragm  cell  is 
screwed  into  the  bottom  of  the  mount,  and  the  front,  lower  pair  of 
screws  are  used  to  center  the  diaphragm  cell.  R.  and  J.  Beck,  Ltd. 
(1949),  also  provides  a  single-unit  condenser  mount.  The  phase 
condenser  may  be  obtained  in  either  a  fixed  or  centering  mount.  Each 
condenser  diaphragm  is  contained  in  a  tray  which  is  attached  to  the 
substage  condenser  mount  by  the  quick-change  method.  The  dia- 
phragm can  be  centered  in  its  tray  with  respect  to  its  corresponding 
phase  objective.  If  the  diaphragm  is  centered  and  the  tray  is  removed 
and  reinserted,  recentering  of  the  diaphragm  is  not  required  if  the  same 
phase  objective  is  used.     C.  Baker,  Ltd.,  supplies  a  single-unit  substage 
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Fig.  III. 5.1.  (a)  Cell  and  diaphragm  for  Spencer  single-unit  substage  condenser 
mount,  (b)  Substage  condenser  in  Spencer  single-unit  mount,  (c)  Spencer  con- 
denser for  phase  microscopy  with  diaphragm  turret  mount,  (d)  Spencer  phase 
microscope  equipped  with  turret  mount  for  diaphiagms  and  condenser.     Courtesy 

of  American  Optical  Co.  (1949,  1950). 
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condenser  mount.  The  diaphragms  possess  a  cross-shaped  aperture 
and  are  mounted  in  a  plate  which  is  centerable  after  it  has  been  fitted 
into  the  substage  mount.  I.  Koristka  and  Co.  also  makes  a  single-unit 
condenser  mount  for  its  "simplified"  phase  microscope  stand. 

A  design  which  has  been  very  convenient  includes  a  rotatable  plate  or 
turret  mounted  at  or  near  the  first  focal  plane  of  the  substage  condenser. 
As  a  rule,  the  rotatable  plate  carries  four  diaphragms  and  has  at  least 
one  clear  aperture.  Any  one  of  the  diaphragms  or  the  clear  aperture  can 
be  rotated  into  position  for  use  below  the  substage  condenser.  The 
combination  of  a  rotatable  turret  and  either  a  multiple,  revolving  nose- 
piece  or  a  quick-change  nosepiece  permits  rapid  and  convenient  changes 
from  one  phase  objective  to  another  or  from  phase  microscopy  to 
ordinary  microscopy.  The  clear  aperture  is  also  helpful  during  the 
procedure  of  aligning  the  phase  microscope.  Figure  111.5.1c  and 
Figs.  III. 5. 2a  and  III. 5. 25  are  illustrations  of  the  general  appearance  of 
substage  condenser  mounts  with  a  rotatable  changer  plate. 

Most  of  the  manufacturers  offer  a  substage  unit  with  a  revolvable 
plate.  The  greatest  point  of  difference  between  such  substage  condenser 
mounts  lies  in  the  centering  action  provided  for  the  condenser  dia- 
phragms. Some  manufacturers  such  as  Wild  Co.  and  the  American 
Optical  Co.  have  made  each  diaphragm  in  the  changer  individually 
centerable.  If  each  of  the  diaphragms  in  the  changer  is  initially 
centered  with  respect  to  its  corresponding  phase  objective,  then  these 
phase  objectives  together  with  their  corresponding  diaphragms  may  be 
interchanged  without  the  necessity  of  interrupting  the  observation  in 
order  to  recenter  a  condenser  diaphragm.  For  rapidity  of  procedure 
together  with  best  performance,  either  the  objectives  should  be  centered 
to  a  common  optical  axis  by  the  maker,  or  the  objectives  should  be 
mounted  in  quick-change,  centering  nosepieces. 

Figure  111.5.1c  shows  the  turret  substage  unit  supplied  by  the 
American  Optical  Co.  (1949).  The  wrenches  are  inserted  into  the  upper 
guides  to  center  the  condenser  diaphragms.  Figure  III. 5. Id  is  a  bottom 
view  of  a  similar  substage  turret  mount  modified  slightly  to  fit  a  later 
model  of  microscope  stand.  The  condenser  is  of  the  Abbe  type, 
N.A.  1.25,  and  is  separately  centerable.  Figures  III. 5. 2a  and  III. 5. 26 
show,  respectively,  a  top  and  bottom  view  of  the  condenser  mount 
with  a  revolving  changer  plate  for  diaphragms  as  supplied  by  the  Wild 
Co.,  Ltd.  (1949).  Figure  III. 5. 2c  is  a  photograph  of  the  Wild  stand 
listed  as  a  research  and  routine  microscope  for  medical  purposes  and 
fitted  with  the  substage  condenser  mount  shown  in  Fig.  III. 5. 2a. 
Centering   wrenches   and   the   auxiliary   centering   telescope   are   also 
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included.     A  special  phase  condenser,  N.A.  0.9,  is  supplied  in  a  non- 
centering  mount. 

In  other  makes  of  substage  condenser  mounts  which  have  a  revolvable 
changer  plate  for  the  condenser  diaphragms,  the  entire  plate  is  moved 
when  any  one  of  the  diaphragms  is  centered.  Rotating  a  second  dia- 
phragm into  place  below  the  condenser  may  require  recentering  of  the 
changer  disk.  Several  photographs  were  made  available  to  illustrate 
this  type  of  turret  substage  mount.  Figure  III. 5. 3  is  a  photograph  of  a 
Bausch  and  Lomb  microscope  stand  fitted  with  phase  objectives  and 
with  a  substage  condenser  mount  having  a  rotatable  changer.  The 
condenser  is  an  Abbe  type,  N.A.  1.25,  and  fits  into  a  non-centering 
mount.  Figure  III. 5. 4  shows  the  Cooke,  Troughton  and  Simms  phase 
microscope  and  the  auxiliary  centering  telescope.  A  condenser  with 
N.A.  1.0  is  available  for  slides  of  standard  thickness.  I.  Koristka  and 
Co.  (Fig.  III. 5. 5)  also  supplies  such  a  rotatable  changer  disk  on  the 
substage  condenser  mount  of  its  phase  contrast  "universal"  model 
microscope.  The  condenser  may  be  obtained  in  either  a  centering  or  a 
non-centering  mount.  Koristka  and  Co.  includes  in  this  turret' mount  a 
means  for  passing  gradually  from  phase  contrast  illumination  to  central 
conical  illumination  in  each  phase  objective.  (The  method  for  ac- 
complishing this  has  been  described  by  Kohler  and  Loos,  1941.  Three 
polarizing  elements  are  used.  One  element  contains  an  annular  opening 
free  of  polarizing  material.  A  second  element  has  a  central,  clear 
aperture,  the  diameter  of  which  is  smaller  than  the  inner  diameter  of 
the  annular  opening  in  the  first  element.  These  two  elements  of 
polarizing  material  are  crossed  and  are  mounted  together  in  the  rotatable 
disk.  A  third  uniform  polarizing  element  is  mounted  below  the  con- 
denser and  can  be  rotated  through  90°.  It  is  so  oriented  that  at  one 
extreme  position  light  passes  to  the  condenser  only  through  the  central 
aperture  and  such  that  at  the  other  extreme  position  light  is  admitted 
only  through  the  annular  aperture.)  Figure  III. 5. 6  is  a  photograph 
of  the  Reichert  phase  microscope  with  a  turret  substage  mount.  The 
numerical  aperture  of  the  condenser  is  0.95.  The  auxiliary  centering 
telescope  is  also  shown.  Figure  III. 5. 7  shows  the  substage  condenser 
mount  with  changer  disk  for  diaphragms  on  the  Zeiss-Winkel  phase 

Fig.  III.5.2.  (a)  Top  view  of  Wild  substage  condenser  mount  with  rotatable 
changer  plate  for  diaphragms,  (b)  Bottom  view  of  Wild  substage  condenser  mount 
with  rotatable  changer  plate  for  diaphragms,  (c)  Wild  phase  contrast  accessories 
on  stand  listed  as  a  research  and  routine  microscope  for  medical  purposes.  Cour- 
tesy  of  Henry   W^ild   Surveying  Instruments  Supply  Co.,  Ltd.  (1949). 
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Fig.  III. 5. 3.     Bausch  and  Lomb  phase  contrast  nnicroscope  with  rotatable  changer 
plate  for  diaphragms.     Courtesy  of  Bausch  and  Lomb  Optical  Co.  (1949). 
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Fig.  III. 5. 4.     Phase  microscope  with  rotatable  changer  plate  for  diaphragms  sup- 
plied by  Cooke,  Troughton  and  Simms,  Ltd.     Courtesy  of  Cooke,  Troughton  and 

Simms,  Ltd.  (1949). 
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microscope.  The  centering  telescope  is  included.  The  firm  of  Zeiss, 
Jena  (1949)  also  supplies  a  revolving  turret  substage  mount  of  the  type 
under  discussion.  The  phase  condenser,  N.A.  0.9,  fits  into  a  non-center- 
ing mount. 


Fig.  III. 5. 5.     The   phase  contrast  "universal"  model  microscope  available   from 
I.  Koristka  and  Co.     Courtesy  of  I.  Koristka  and  Co.  (1949). 


The  firm  of  Galileo  (1949)  provides  phase  accessories  for  its  research 
stand  equipped  with  a  pancratic  condenser  system.  The  condenser 
proper  is  of  the  achromatic,  aplanatic,  immersion  type,  N.A.  1.40,  and 
it  is  placed  in  a  centering  mount.  The  pancratic  system  of  continuously 
variable  power  can  change  the  effective  numerical  aperture  of  the 
condenser  from  0.16  to  1.40.     The  pancratic  system  is  located  between 
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Fig.  III. 5.6.     Reichert  phase  contrast  microscope.     Courtesy  of  Optische  Werke 

C.  Reichert  (1949). 
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the  condenser  proper  and  a  rotatable  turret  arrangement  which  contains 
a  large  free  aperture,  a  smaller  free  aperture,  and  one  centerable  con- 
denser diaphragm  with  an  annular  aperture  for  phase  microscopy 
(Fig.  III. 5. 8).  The  pancratic  system  forms  an  image  of  the  annular 
opening  at  the  first  focal  plane  of  the  condenser  proper,  and  the  magni- 


FiG.  III. 5. 7.     Zeiss-Winkel  phase   contrast   microscope  with  turret   changer  plate 
for  diaphragms.     Courtesy  of  R.  Winkel  G.M.B.H.   (1949). 


fication  of  the  pancratic  system  can  be  varied  so  that  the  size  of  the 
image  of  the  annular  aperture  can  be  changed  to  fit  the  conjugate  area 
of  any  of  the  phase  objectives.     Zeiss,   Jena    (1949)   provides  phase  ^ 
accessories  also  for  the   Lumipan  stand  with   a  pancratic  condenser 
system. 

In  order  to  meet  the  requirements  of  phase  microscopy  with  slides  of 
greater  than  standard  thickness  or  with  specimens  contained  in  small 
cells  or  flasks,  both  the  Bausch  and  Lomb  Optical  Co.  and  the  American 
Optical  Co.  supply,  in  addition  to  a  N.A.  1.25  condenser,  special  phase 
condensers  which  have  a  long  working  distance.  The  Bausch  and 
Lomb  long  working  distance  condenser  may  l)e  used  with  its  series  of 
both  the  dry  and  the  oil  immersion  achromatic  objectives  for  phase 
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microscopy.     The    condenser    mount    is    the    single-unit    type.     The 
condenser  diaphragm  is  located  at  the  second  surface  of  the  bottom 


Fig.  III.5.8.     Phase    microscope    with    pancratic    condenser    system    supplied    by 
Officiiie  GaUleo.     Courtesy  of  Officine  Galileo  (1949). 


element  of  the  condenser.  A  separate  bottom  element  with  diaphragm 
is  mounted  in  a  plate  and  is  inserted  in  the  substage  movmt  as  required 
for  working  with  one  of  the  phase  objectives.  Each  element  is  center- 
able  in  the  substage  mount.     Figure  III. 5. 9  shows  a  Bausch  and  Lomb 
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Fig.  III. 5. 9.     Bausch  and  Lomb  phase  microscope  with  long  working  distance  con- 
denser fitted  in  single-unit  type  of  mount.     Courtesy  of  Bausch  and  Lomb  Optical 

Co.  (1949). 
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phase  microscope  stand  equipped  with  a  long  working  distance  condenser 
in  the  single-unit  substage  mount.  This  condenser  permits  a  working 
distance  in  the  range  9.5  mm  to  10  mm  in  air  (more  in  glass  or  water) 
when  the  condenser  is  adjusted  for  Kohler  illumination. 

The  American  Optical  Co.  supplies  long  working  distance  condenser 
elements  and  diaphragms  which  fit  into  its  turret  substage  mount.  A 
condenser  consisting  of  two  lenses  is  used  with  the  phase  objective  of 
4-mm  focal  length,  and  a  working  distance  of  approximately  7  mm  in 
air  is  obtained.  Only  the  bottom  lens  element  of  this  condenser  is 
retained  with  the  phase  objectives  of  8-mm  and  16-mm  focal  length, 
and  the  working  distance  is  approximately  8  mm  in  air.  This  condenser 
lens  is  also  the  bottom  element  of  the  standard  phase  microscope  con- 
denser, N.A.  1.25.  The  diaphragms  are  contained  in  individual  cells 
which  screw  into  the  rotatable  changer  plate  of  the  turret  mount.  Of 
the  phase  microscope  condensers  supplied  by  various  manufacturers  as 
standard  equipment  with  the  rotatable  disk  type  of  substage  condenser 
mount,  some  of  the  condensers  having  a  numerical  aperture  of  1.0  or 
less  are  also  suitable  for  slides  of  greater  than  standard  thickness 
(e.g.,  five  times  the  standard  glass  thickness).  The  phase  microscope 
condensers  made  by  Zeiss,  Jena  and  by  Cooke,  Troughton  and  Simms, 
Ltd.,  are  examples.  Cooke,  Troughton  and  Simms,  Ltd.,  also  offers  a 
special  condenser  which  permits  a  working  distance  of  6  mm  in  air. 
Koristka  and  Co.  lists  a  special,  long  focal  length  condenser  for  its 
"simplified"  phase  microscope. 

4.3.  Centering  telescopes 

All  manufacturers  mentioned  in  the  preceding  part  of  this  section, 
with  the  exception  of  Officine  Galileo  and  L  Koristka  and  Co.,  supply 
separate,  adjustable  centering  telescopes  (long-focus  microscopes,  in 
fact)  which  can  be  inserted  in  the  body  tube  in  place  of  the  eyepiece  and 
focused  on  the  coating  of  the  diffraction  plate.  In  the  phase  microscope 
made  by  the  firm  of  Galileo,  the  eyepiece  is  not  removed,  and  the  user 
operates  a  knob  on  the  body  tube  to  place  a  lens  in  the  path  of  light 
below  the  eyepiece.  The  eyepiece  together  with  this  lens  forms  the 
centering  telescope.  The  knob  also  controls  a  focusing  adjustment  so 
that  the  centering  telescope  can  be  focused  on  the  coating  of  the  diffrac- 
tion plate.  In  the  Koristka  phase  microscope,  a  centering  ocular 
replaces  the  eyepiece  of  the  microscope  and  a  knob  is  turned  to  move  a 
second  lens  into  the  light  beam  so  that  these  two  components  become  the 
centering  telescope. 
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5.  SOME    EFFECTS    OF   VARYING    THE    DIMENSIONS    AND    OPTICAL 
CHARACTERISTICS  OF  THE  CONJUGATE  AREA 

The  fact  has  been  emphasized  that  a  compromise  decision  must  be 
made  in  choosing  the  dimensions  of  the  conjugate  area  of  the  diffraction 
plate  designed  for  general  use.  The  elementary  theory  was  developed 
in  Chapter  II  to  show  the  interdependence  of  the  optical  properties  of 
the  particle  and  those  of  the  diffraction  plate  when  the  problem  of 
optimum  -contrast  is  being  considered.  In  Section  1  of  this  chapter  this 
elementary  theory  was  applied  in  an  attempt  to  predict  the  range 
of  usefulness  of  a  diffraction  plate  with  an  optical  path  step  equal  to 
X/4  between  the  complementary  and  the  conjugate  areas  and  with  a 
lower  energy  transmission  in  the  conjugate  area  than  in  the  comple- 
mentary area.  The  simple  theory  does  not  take  into  account  either  the 
shape  of  the  object  specimen  or  the  area  occupied  by  it,  and  this  theory 
also  does  not  include  the  effect  on  contrast  of  the  size  and  location  of  the 
conjugate  area  of  the  diffraction  plate. 

In  the  previous  general  discussions  statements  have  been  made  con- 
cerning whether  a  particle  appears  brighter  or  darker  than  its  surround. 
However,  observations  with  the  phase  microscope  show  that,  when  the 
area  occupied  by  a  particle  of  uniform  optical  path  becomes  large,  the 
brightness  at  the  center  of  the  image  of  the  particle  is  equal  to  that  of 
the  image  of  a  comparatively  remote  region  of  the  surround,  and  only  the 
region  near  the  boundary  in  the  image  of  the  particle  appears  darker  or 
brighter  according  to  the  type  of  contrast  being  produced.  Further- 
more, it  is  also  seen  that  the  image  of  a  particle  is  surrounded  by  a  halo, 
A  dark-contrast  image  is  surrounded  by  a  bright  halo,  and  a  bright- 
contrast  image  is  surrounded  by  a  dark  halo.  This  halo  is  an  artifact. 
Thus  it  is  seen  that  phase  contrast  occurs  only  in  the  neighborhood  of  a 
rapid  change  in  the  optical  properties  of  a  particle  relative  to  its  sur- 
round. In  order  to  achieve  phase  microscopy,  the  diffracted  rays  must 
be  deviated  sufficiently  relative  to  the  undeviated  rays  so  that  the 
deviated  and  undeviated  bundles  become  fairly  well  separated  at  some 
plane  within  the  microscope  if  a  diaphragm  is  introduced  below  or 
within  the  substage  condenser.  The  relative  phase  change  introduced 
between  the  deviated  and  the  undeviated  light  by  the  occurrence  of 
diffraction  lies  in  the  neighborhood  of  90°  when  the  optical  path  differ- 
ence between  a  transparent  particle  and  its  surround  is  a  small  fraction 
of  a  wavelength.  The  method  of  phase  microscopy  is  not  applicable  for 
observing  slow,  gradual  changes  in  optical  path;  in  such  cases  interfer- 
ometric  means  must  be  used.  It  is  known,  for  example,  that,  when  a 
particle  is  slightly  smaller  than  the  limit  of  resolution  of  an  objective, 
the  amount  of  light  in  the  diffraction  pattern  diminishes  rapidly  with 
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distance  from  the  discontinuity  which  causes  the  diffraction.  It  is  not 
surprising,  therefore,  that  phase  contrast  is  produced  only  close  to  the 
boundary  of  a  particle  and  that  the  more  or  less  complementary  halo 
is  visible  only  in  the  neighborhood  of  the  particle. 

In  order  to  study  some  of  the  effects  resulting  from  varying  the 
dimensions  and  transmission  of  the  conjugate  area  of  a  diffraction  plate, 
a  specimen  was  prepared  which  had  little  internal  detail  so  that  the 
extent  of  the  halo  and  the  area  over  which  contrast  is  produced  could  be 
more  easily  seen.  The  specimen  was  made  by  shielding  some  areas  of  a 
microscope  slide  with  very  thin  iron  tilings  while  magnesium  fluoride 
was  evaporated  on  the  slide.  After  the  evaporation,  the  filings  were 
wiped  off  the  slide,  and  an  oil  having  a  refractive  index  of  1.47  was 
flowed  underneath  the  cover  slide.  The  specimen  then  consisted  of  a 
number  of  oil  pools  of  different  area  surrounded  by  magnesium  fluoride. 
The  photomicrographs  reproduced  in  Fig.  III. 7  show  some  of  the  oil 
pools  as  they  appeared  under  the  various  conditions  of  the  experiment. 
As  a  rule,  a  sharp  shadow  was  not  formed  at  the  edge  of  the  iron  filings 
during  the  e^'aporation  because  the  filings  had  not  adhered  closely 
to  the  slide  over  their  entire  area.  The  thickness  of  the  magnesium 
fluoride  film  was  such  that  the  optical  path  difference  between  the  oil 
pools  and  their  surround  was  equal  to  or  less  than  0.065  X  (X  =  54G1  A) 
or  23.-1:°.  The  oil  pools  will  be  referred  to  as  the  particles  in  the  discus- 
sion of  the  observations  made  on  them.  The  particles,  then,  differ  in 
area,  have  an  optical  path  greater  than  that  of  the  surround,  and  may 
vary  in  thickness  close  to  the  edge.  If  no  impurities  are  present, 
the  edges  cannot  have  an  optical  path  exceeding  that  at  the  center  of  a 
particle. 

These  observations  of  changes  in  the  image  w'hich  resulted  from 
varying  the  dimensions  and  transmission  of  the  conjugate  area  in- 
cluded only  diffraction  plates  that  produced  dark  contrast.  One 
photomicrograph  of  a  bright-contrast  image  is  shown  for  purposes 
of  comparison.  All  the  diffraction  plates  in  this  experiment  were 
made  with  a  coating  of  magnesium  fluoride  and  Inconel  such  that  the 
optical  path  difference  between  the  conjugate  area  and  the  comple- 
mentary area  was  — X/4  (X  =  5461  A).  The  diffraction  plates  were 
separable  from  the  objective  and  were  mounted  behind  all  the  lenses 
so  that  the  same  objecti\"e  remained  in  the  optical  system  as  different 
diffraction  plates  were  substituted.  A  selected  Spencer  achromatic 
objective  of  4-mm  focal  length,  N.A.  0.66,  was  chosen.  In  the  manu- 
facture of  such  an  objective,  a  separation  between  two  lens  components 
is  adjusted  to  balance  the  objective  as  well  as  possible  for  spherical 
aberration.     For  Fig.  III. 7,  the  separation  was  chosen  to  give  as  good 
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definition  of  the  edges  of  the  oil  pools  as  was  feasible  in  the  phase 
contrast  image  with  the  diffraction  plate  having  a  conjugate  area  lim- 
ited by  N.A.  0.52-N.A.  0.36  in  the  objective.  Inspection  of  the  objec- 
tive itself  in  an  interferometer  illuminated  by  a  narrow  band  of  wave- 
lengths in  the  neighborhood  of  X  =  5461  A  showed  the  presence  of  one 
narrow  fringe,  due  to  spherical  aberration,  around  the  extreme  edge  of 
the  aperture.  The  conjugate  area  of  each  diffraction  plate  lay  well 
within  the  uniform  area  seen  in  the  interferometer.  The  specimen  was 
observed  with  white-light  illumination,  but  the  general  results  were  still 
valid  if  any  one  of  the  Kodak  series  of  Wratten  M  filters  for  photomicrog- 
raphy was  placed  in  front  of  the  lamp.  The  final  magnification  in  the 
photomicrographs  is  450  X . 

The  size  of  the  cone  of  light  illuminating  the  specimen  has  some  effect 
on  the  visibility  of  the  specimen  when  no  diffraction  plate  is  present  in 
the  objective.  Therefore,  photomicrographs  were  also  taken  with  the 
diffraction  plate  removed  but  with  the  condenser  diaphragm  remaining 
in  position.  When  a  photomicrograph  was  taken  with  a  diffraction 
plate  in  the  objective,  the  designation  of  the  diffraction  plate  according 
to  the  notation  in  Section  2.5  is  printed  below  each  picture,  and  the 
range  of  numerical  aperture  included  by  the  conjugate  area  of  the 
diffraction  plate  is  also  given.  If  only  the  range  of  numerical  aperture 
appears  below  a  photomicrograph,  this  indicates  that  the  diffraction 
plate  had  been  removed  from  the  objective  but  that  the  diaphragm 
corresponding  to  this  plate  remained  at  the  first  focal  plane  of  the  sub- 
stage  condenser.  The  photomicrographs  obtained  with  such  conical 
illumination  are  shown  alongside  the  corresponding  phase  photomicro- 
graphs. For  further  comparison  a  photomicrograph,  Fig.  III. 7. 7, 
was  taken  with  central  conical  illumination  when  the  aperture  of  the 
condenser  had  been  reduced  to  N.A.  0.36  and  no  diffraction  plate  was 
mounted  in  the  objective.  Neutral  Inconel  filters  of  different  trans- 
mission were  placed  near  the  substage  mirror  and  interchanged  so  that 
the  same  exposure  time  for  each  photomicrograph  would  result  in 
negatives  of  closely  the  same  background  density. 

The  sketch  of  Fig.  III. 6  represents  the  system  of  particles  as  seen 
with  a  low-contrast  phase  objective  at  greater  magnification  than  was 
produced  by  the  objective  of  4-mm  focal  length  (see  also  Fig.  III. 7. 22). 
Letters  are  placed  near  the  image  of  a  particle  or  group  of  particles  in 
order  to  identify  them.  These  particles  fall  into  four  groups  of  interest. 
The  following  comments  apply  only  to  the  dark  phase  contrast  images. 
Particles  of  the  size  and  shape  of  A,  B,  C,  and  D  never  appear  uniformly 
dark  regardless  of  the  characteristics  of  the  conjugate  areas  of  the 
diffraction  plates.     Whether  particles  such   as   E,   F,   and  G  appear 
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uniformly  dark  depends  on  the  numerical  aperture  included  in  ^he 
conjugate  area  of  the  diffraction  plate  as  well  as  on  the  transmission  of 
the  conjugate  area.  Particles  of  the  size  and  shape  of  those  included 
in  groups  H  and  P  appear  uniformly  dark  with  all  diffraction  plates, 
regardless  of  the  size  of  the  conjugate  area. 


R 


■o 


A^  .. 


^ 


Fig.  III. 6.     Drawing  of  the  object  specimen  consisting  of  oil  pools  surrounded  by  a 

film  of  magnesium  fluoride.     The  blackened  areas  indicate  those  regions  of  greatest 

contrast  which  have  been  referrred  to  as  inclusions. 


In  addition  to  these  larger  oil  pools  there  is  smaller  detail  such  as 
groups  K  (close  to  the  upper  right-hand  edge  of  .4),  L  (just  to  the  left 
of  the  upper  edge  of  .4),  R,  M,  and  N.  These  groups  contain  particles 
which  are  so  small  as  to  be  sensitive  to  loss  of  resolution  and  which  show 
reversal  of  contrast  when  the  absorption  in  the  conjugate  area  is  high. 
The  four  particles  K  may  not  be  visible  in  the  reproduction  of  the  phase 
photomicrographs  although  they  were  in  every  case  readily  discernible 
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to  the  eye.  With  dark-contrast  diffraction  plates  which  do  not  have 
sufficient  absorption  in  the  conjugate  area  to  cause  reversal,  detail  K 
appears  darker  than  the  edge  of  .4.  Detail  K  also  appears  darker  in  the 
non-phase  photomicrographs,  and  a  tiuestion  arises  concerning  the 
absorption  and  optical  path  of  this  detail  as  compared  with  the  optical 
properties  of  the  main  body  of  oil  pool  A.  Similarly,  the  non-phase 
photomicrographs  and  most  of  the  phase  photomicrographs  show  very 
small  areas  of  higher  contrast  in  groups  L,  M,  N,  H,  P,  and  R,  and  there 
is  the  suggestion  of  some  absorption  in  these  areas.  The  difference  in 
optical  path  between  a  particle  and  its  surround  as  well  as  the  relative 
transmission  of  the  particle  can  be  determined  by  means  of  a  variable 
phase  microscope  which  allows  continuous  variation  both  of  the  differ- 
ence in  optical  path  and  also  of  the  transmission  ratio  between  the 
conjugate  and  complementary  areas  of  the  diffraction  plate.  The  size 
and  shape  of  the  particle  will  also  affect  the  amount  of  contrast  in  the 
image. 

In  the  discussion  to  follow,  these  small  areas  of  darkest  contrast  that 
are  observed  within  the  images  of  the  oil  pools  will  be  referred  to  as 
inclusions  although  the  observations  reported  in  this  section  offer  no 
conclusive  evidence  concerning  whether  the  increase  in  contrast  indi- 
cated a  change  in  optical  path  alone  or  whether  some  absorption  was 
also  present  within  the  so-called  inclusions.  It  is  possible  that  tiny 
pieces  of  iron  became  trapped  under  the  magnesium  fluoride  film  so  that 
iron  or  iron  oxide  particles  introduced  some  absorption.  That  the 
inclusions  constituted  areas  of  greater  optical  path  only,  with  no  absorp- 
tion, can  be  accounted  for  by  assuming  that  during  the  evaporation  the 
iron  filings  adhered  most  closely  to  the  slide  over  these  areas  and  there- 
fore shielded  these  regions  more  completely  from  the  magnesium 
fluoride. 

High-contrast  diffraction  plates  were  selected  to  observe  changes  in 
the  extent  of  the  halo  around  each  particle  and  in  the  extent  of  the  dark- 
ening in  the  image  of  a  particle  as  the  dimensions  of  the  conjugate  area 
were  changed.  If  an  object  specimen  contains  an  inclusion  which 
appears  darker  than  the  remainder  of  a  specimen  when  the  diffraction 
plate  in  the  objective  produces  a  high-contrast,  dark  image  of  this 
specimen,  it  is  sometimes  possible  to  enhance  the  visibility  of  the 
inclusion  with  respect  to  the  whole  object  specimen  by  substituting 
a  diffraction  plate  which  has  a  higher  transmission  in  the  conjugate  area. 
Therefore  photomicrographs  were  taken  also  to  show  the  change  in  the 
visibility  of  the  inclusions  with  respect  to  the  edges  of  the  oil  pools  as 
the  energy  transmission  only  of  the  conjugate  area  of  the  diffraction 
plate  was  changed. 
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Figure  III. 7.3  was  obtained  with  diffraction  plate  0.15A— 0.25X, 
N.A.  0.52-N.A.  0.36,  which  produced  a  high-contrast  image  of  the  oil 
pools.  With  this  plate  particles  K  and  the  other  inclusions  appeared 
darker  than  the  edges  of  the  larger  particles.  When  the  energy  trans- 
mission of  the  conjugate  area  of  the  diffraction  plate  was  reduced  to  6%, 
partial  reversal  of  contrast  in  the  image  of  particles  K  was  observed, 
and  the  images  of  some  of  the  small  areas  in  groups  P,  R,  and  L  showed 
reversal  of  contrast  (Fig.  III.7.1 1 ).  There  was  no  indication  of  reversal 
of  contrast  in  the  images  of  the  edges  of  the  oil  pools.  When  the 
conjugate  area  of  the  diffraction  plate  contained  no  absorbing  material, 
the  inclusions  again  appeared  dark  and  were  more  easily  detected 
(Fig.  III. 7.9)  than  with  the  diffraction  plate  described  by  0.15A-0.25X. 
However,  particles  K  and  the  other  small  inclusions  were  even  more 
clearly  visible  with  the  diffraction  plate  designated  by  0.32A  — 0.25X. 
N.A.  0.52-N.A.  0.36  (Fig.  III.7.10). 

The  simple  theory  would  indicate  that,  since  these  inclusions  appear 
darker  than  the  edges  of  the  oil  pools  with  the  diffraction  plates  having 
the  higher  transmissions  in  the  conjugate  area  (in  particular,  even  with 
the  non-absorbing  diffraction  plate),  the  optical  path  through  the  in- 
clusions is  greater  than  the  average  thickness,  in  terms  of  optical  path,  of 
the  edges  of  the  larger  oil  pools.  However,  the  simple  theory  does  not 
exclude  the  possibility  that  the  inclusions  were  also  partially  absorbing. 
When  the  bright-contrast  diffraction  plate  0.19A+0.25X,  N.A.  0.52- 
N.A.  0.36,  was  inserted  in  the  objective,  the  images  of  the  oil  pools 
and  the  inclusions  were  bright  (Fig.  III. 7. 8),  and  the  areas  which  formerly 
were  darkest  (except  when  contrast  reversal  occurred  with  the 
0.06A— 0.25X  plate)  now  appeared  brightest.  According  to  the  simple 
theory,  this  does  not  contradict  the  evidence  that  the  inclusions  had  a 
greater  optical  path  than  did  the  edges  of  the  larger  oil  pools,  but  again 
it  also  allows  the  possibility  that  some  absorbing  material  is  present  in 
these  small  brightest  areas.  Thus  the  qualitative  information  obtained 
with  this  series  of  diffraction  plates  having  a  3^-wavelength  optical 
path  step  is  not  sufficient  to  determine  conclusively  whether  the  in- 
clusions represent  regions  of  greater  optical  path  only  or  whether  partial 
absorption  is  present. 

As  stated  previously',  the  series  of  observations  represented  by  the 
photomicrographs  in  Fig.  1 1 1. 7  was  made  chiefly  to  study  the  dependence 
of  both  the  halo  and  the  darkening  of  the  images  of  the  particles  on  the 
dimensions  and  energy  transmission  of  the  conjugate  area.  Because 
the  halo  is  more  pronounced  when  the  amount  of  contrast  is  high, 
diffraction  plates  with  relatively  high  absorption  in  the  conjugate 
area  were  chosen  for  most  of  the  observations.     In  any  single  phase 
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Fig.  III. 7.  Photomicrographs  of  the  object  specimen  consisting  of  oil  pools  in  a 
surround  of  magnesium  fluoride.  The  dark-contrast  phase  photomicrographs  il- 
lustrate changes  which  occurred  in  the  image  when  the  dimensions  or  the  transmission 
or  both  of  the  conjugate  area  were  varied  and  5  remained  fixed  at  5  =  — X/4  (X  = 
5461  A).  The  ordinary  photomicrographs  show  the  effect  on  the  image  of  changing 
the  dimensions  of  the  cone  of  light  incident  on  the  specimen.     Figures  7.1-7.21, 

inclusive:  450 X.     Fig.  7.22:    1000  X. 

contrast  photomicrograph  it  is  evident  that  the  brightness  and  the 
extent  of  the  halo  vary  with  the  particle  size  or  the  amount  of  detail 
present.  The  halo  is  more  pronounced  around  a  large  particle  or  in 
the  neighborhood  of  a  cluster  of  particles  very  close  together  than  it  is 
around  a  small,  isolated  particle.  After  an  isolated  particle  has  increased 
to  a  certain  size,  the  brightness  and  the  extent  of  the  halo  appear  to 
remain  constant,  as  does  the  extent  of  the  darkest  area  within  the  image 
of  the  particle. 

Figures  III.7.1,  III. 7. 3,  and  III. 7. 5  were  obtained  when  the  numerical 
aperture  corresponding  to  the  outer  diameter  of  the  conjugate  area 
remained  the  same  but  the  conjugate  area  was  made  narrower  by 
increasing  the  inner  diameter.  As  the  conjugate  area  became  narrower, 
the  halo  extended  farther  out  into  the  image  of  the  surround.  Particles 
A,  B,  C,  and  D  did  not  appear  uniformly  dark  with  any  of  these  three 
diffraction  plates,  some  part  near  the  center  of  the  images  of  the  particles 
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always  being  brighter  than  the  areas  near  the  boundaries.  (Unless 
explicit  reference  is  made  to  inclusions,  the  variation  in  contrast  caused 
by  their  presence  is  omitted  from  the  general  description  of  the  appear- 
ance of  the  images  of  the  larger  oil  pools.)  The  brightness  at  the  center 
of  the  images  of  .4,  B,  and  C  seemed  to  be  approximately  equal  to  the 
brightness  of  the  image  of  the  surround  beyond  the  regions  occupied  by 
the  halos.  However,  as  the  conjugate  area  became  narrower,  the  dark 
region  near  the  edge  of  the  image  of  the  particle  extended  farther  toward 
the  center.  The  manner  in  which  the  V-shaped  lower  edge  of  B  darkened 
as  the  diffraction  plate  was  changed  is  of  interest.  As  the  darker  region 
extended  farther  toward  the  center  of  B,  the  darkening  spread  across  the 
entire  bottom  corner,  and  in  Fig.  III. 7. 5  the  darker  border  in  the  image 
does  not  follow  the  contour  of  B  as  closely  as  it  does  in  the  other  two 
phase  photomicrographs.  This  is  an  example  of  the  fact  that  neighbor- 
ing discontinuities  in  the  optical  path  of  the  object  specimen  can  interact 
to  affect  the  amount  of  contrast  present  in  an  image  formed  by  the  phase 
microscope.  Therefore  caution  must  be  used  in  trying  to  interpret 
amount  of  contrast  in  terms  of  relative  optical  path  differences  in  the 
object  specimen. 

Particle  E  appeared  clearly  non-uniformly  dark  across  its  width  when 
the  diffraction  plate  with  the  widest  conjugate  area  was  in  the  objective. 
The  diffraction  plate  having  the  conjugate  annulus  of  intermediate 
width  caused  E  to  appear  uniformly  dark,  and  the  narrowest  conjugate 
annulus  also  made  E  appear  uniformly  dark.  Particles  G  and  F  ap- 
peared uniformly  dark  only  when  the  diffraction  plate  with  the  narrowest 
conjugate  annulus  was  used.  The  particles  in  H,  M,  and  N  (inclusions 
excepted)  appeared  uniformly  black  with  all  three  diffraction  plates. 
The  narrowest  conjugate  area  produced  partial  reversal  of  contrast  in  the 
images  of  the  small  areas  in  P,  R,  and  L  that  have  been  referred  to  as 
inclusions;  otherwise  particles  in  these  groups  appeared  uniformly  dark. 

Figures  III. 7. 9,  III. 7. 10,  and  III. 7. 11  show  the  appearance  of  the 
oil  pools  when  the  dimensions  of  the  conjugate  area  were  given  by 
N.A.  0.52-N.A.  0.36,  as  in  Fig.  III. 7. 3,  but  the  energy  transmission  of  the 
conjugate  area  was  varied.  As  the  transmission  decreased,  the  halo 
around  each  image  became  more  visible  although  it  did  not  appear 
to  change  appreciably  in  area.  Also,  the  area  over  which  darkening 
occurred  did  not  seem  to  be  appreciably  affected  by  the  transmission  of 
the  conjugate  area.  The  effect  which  this  variation  in  the  energy  trans- 
mission had  upon  the  small  areas  considered  to  be  inclusions  has  already 
been  discussed.  Figure  III. 7. 12  was  obtained  when  the  absorption 
in  the  conjugate  annulus  having  the  same  dimensions  as  those  indicated 
below  Fig.  III. 7. 5  was  increased.     There  were  no  apparent  changes  in 
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the  extent  of  either  the  halo  or  the  darkening.  A  conjugate  area  hg.ving 
this  inchided  range  of  numerical  aperture  was  not,  in  general,  a  satis- 
factory choice  for  this  objective.  A  residual  bluish  haze,  which  could 
not  be  lessened  by  a  different  adjustment  in  separation  between  the 
lenses  of  the  objective,  made  the  definition  seem  poorer  than  when  any 
of  the  other  diffraction  plates  in  this  series  were  in  the  objective.  The 
definition  was  made  worse  by  placing  a  filter  which  transmitted  blue 
light  in  front  of  the  lamp,  was  im])roved  somewhat  by  substituting  a 
filter  which  transmitted  green  light,  and  was  considerably  improved  by 
illuminating  the  specimen  with  red  light. 

If  the  corresponding  non-phase  photomicrographs  in  Figs.  III. 7. 2, 
III. 7. 4,  and  III. 7. 6  are  compared,  it  is  not  possible  to  decide  whether 
the  cone  of  light  N.A.  0.52-N.A.  0.30  or  the  cone  N.A.  0.52-N.A.  0.36 
makes  the  specimen  more  visible.  Those  boundaries  of  the  oil  pools 
which  contain  no  inclusions  are  hardly  visible.  The  narrowest  illuminat- 
ing cone,  X.A.  0.52-N.A.  0.43,  caused  the  oil  pools  to  appear  in  greater 
contrast  than  did  the  wider  cones.  When  the  phase  condenser  dia- 
phragms were  removed  and  the  specimen  was  illuminated  through  a 
central  opening  corresponding  to  N.A.  0.36,  the  visibility  of  the  oil 
pools  and  the  inclusions  was  greatly  increased  (Fig.  III. 7. 7)  in  com- 
parison with  the  pre\'ious  non-phase  observations;  however,  a  greater 
number  of  diffraction  rings  were  visible  around  the  smallest  particles. 

The  rest  of  the  phase  photomicrographs  included  in  Fig.  III. 7  show 
the  change  that  occurred  in  the  images  of  the  oil  pools  when  the  outer 
diameter  of  the  conjugate  annulus  became  smaller.  The  conjugate  area 
of  the  diffraction  plate  inserted  in  the  objective  to  obtain  Fig.  III. 7. 13 
was  such  that  the  outer  diameter  of  the  annulus  coincided  with  the 
inner  diameter  of  the  conjugate  area  of  the  diffraction  plates  which  are 
described  under  Figs.  III. 7. 5  and  III.7.12.  The  conjugate  area  related  to 
Fig.  III. 7. 13  was  slightly  wider  than  the  conjugate  area  related  to  Figs. 
III. 7. 5  and  III. 7. 12.  The  excessive  haze  which  was  apparent  in  the 
images  of  Figs.  III. 7. 5  and  III.7.12  disappeared.  Diffraction  plate 
0.27A-0.25X,  N.A.  0.43-N.A.  0.33,  produced  a  halo  which  was  slightly 
less  in  extent  than  the  halo  observed  with  diffraction  plate  0.15A  — 0.25X, 
N.A.  0.52-N.A.  0.36.  In  Fig.  III. 7. 13  particle  E  appears  uniformly 
dark.  A  small  region  near  the  middle  of  the  image  of  F  and  that  of  G 
was  not  so  dark  as  the  edges,  but  it  was  much  darker  than  the  image 
of  the  surround.  The  decrease  in  darkness  from  the  boundary  to  the 
center  of  the  images  of  particles  F  and  G  was  less  than  that  observed 
with  the  diffraction  plate  related  to  Fig.  III.7.3.  In  Fig.  III. 7. 13  there 
was  no  reversal  of  contrast  in  the  image  of  particle  groups  K,  L,  M,  N, 
R,  and  P.     However,  the  diffraction  rings  around  particles  such  as  R 
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were  a  little  more  apparent  than  when  diffraction  plates  with  a  conjugate 
annulus  of  greater  outer  diameter  were  substituted. 

When  the  conjugate  area  was  formed  slightly  closer  (N.A.  0.40-N.A. 
0.30)  to  the  optical  axis  of  the  objective,  Fig.  III. 7. 15  was  obtained.  In 
the  specimen  being  discussed,  there  was  no  noticeable  difference  in  the 
image  whether  the  diffraction  plate  related  to  Fig.  III. 7. 13  or  to  Fig. 
III. 7. 15  was  inserted  in  the  objective  except  that  the  conjugate  area 
having  the  smaller  mean  diameter  increased,  by  a  small  amount,  the 
visibility  of  the  diffraction  patterns  around  the  smallest  particles.  ,  A 
more  critical  object  specimen  with  closely  spaced  detail,  such  as  the 
chromosome  specimen  shown  in  Fig.  V.5,  indicated  that  some  loss  of 
resolution  had  resulted  from  changing  the  dimensions  of  the  conjugate 
area  from  N.A.  0.52-N.A.  0.36  to  N.A.  0.40-N.A.  0.30.  Figure  III.7.17 
shows  the  effect  of  decreasing  the  energy  transmission  of  the  annulus 
with  the  dimensions  N.A.  0.40-N.A.  0.30.  The  contrast  became  greater, 
and  the  particles  G  and  F  appeared  uniformly  dark.  There  was  no 
reversal  of  contrast  in  the  images  of  the  K,  L,  and  R  groups. 

When  the  image  produced  with  the  addition  of  diffraction  plate 
0.13A-0.25X,  N.A.  0.31-N.A.  0.17  (Fig.  III. 7. 18),  was  compared 
with  the  image  seen  with  the  aid  of  diffraction  plate  0.15A  — 0.25X, 
N.A.  0.52-N.A.  0.36  (Fig.  III.7.3),  it  was  observed  that  definition  ap- 
peared better  with  the  first  diffraction  plate  because  there  was  less  haze 
over  the  field  of  view.  However,  the  limitation  of  the  cone  of  illumina- 
tion to  N.A.  0.31-N.A.  0.17  resulted  in  a  noticeable  loss  of  resolution. 
A  greater  number  of  diffraction  rings  were  easily  seen  arovmd  particles  in 
groups  L,  M,  N,  and  R.  The  images  of  particles  R  resembled  diffi-action 
patterns  consisting  of  a  bright  center  and  one  dark  outer  ring.  Narrow 
dark  bands  were  visible  within  the  region  occupied  by  the  halo  around 
the  image  of  particles  as  large. as  those  in  group  H.  The  extent  of  the 
halo  around  the  image  of  an  oil  pool  in  Fig.  III. 7. 18  is  most  nearly  like 
that  shown  in  Fig.  III. 7.1.  Particle  E  did  not  appear  uniformly  dark, 
but  it  appeared  more  nearly  so  with  diffraction  plate  0.13A— 0.25X, 
N.A.0.31-N.A. 0. 17,  than  with  diffraction  plate  0. 1 1 A  -0.25X,  N.A. 0.52- 
N.A.  0.30.  The  images  of  particles  F  and  G  were  again  non-uniform 
in  brightness,  as  is  seen  in  Fig.  III. 7. 18. 

The  last  phase  photomicrograph  in  this  series,  Fig.  III. 7. 20,  was  taken 
with  diffraction  plate  0.14A-0.25X,  N.A.  0.26-N.A.  0.18,  in  the  ob- 
jective. The  halo  extended  farther  away  from  the  boundary  of  the 
image  of  an  oil  pool  than  in  Fig.  III. 7. 18  but  not  finite  so  far  as  in  Fig. 
III. 7. 5.  Again,  dark  diffraction  bands  were  clearly  evident  around  the 
images  of  the  particles  in  //,  M,  N,  P,  and  R  and  within  the  region  oc- 
cupied by  the  halo.     There  was  some  indication  that  the  distribution 
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of  light  in  the  halo  around  the  images  of  the  largest  particles  was  being 
affected  by  the  superposition  of  darker  diffraction  bands.  The  images 
of  particles  E,  F,  and  G  appeared  uniformly  dark,  and  the  image  of  D 
was  nearly  so.  This  last  diffraction  plate  produced  a  greater  degree  of 
uniformity  in  darkness  across  the  image  of  particle  A  than  did  any  of 
the  other  diffraction  plates.  Figure  III. 7. 22  is  included  to  show  the 
particles  at  1000  X.  It  was  obtained  with  an  oil  immersion  phase  ob- 
jective of  1.8-mm  focal  length. 

Figures  III.7.U,  III.7.16,  III.7.19,  and  III.7.21  are  non-phase  photo- 
micrographs showing  the  effect  of  changing  the  dimensions  of  the  cone 
of  illumination  to  correspond  to  the  last  four  changes  in  the  size  of  the 
conjugate  area.  The  visibility  of  the  oil  pools  was  greater  with  the 
opening  given  under  Fig.  III. 7. 14  than  with  that  cited  under  Figs. 
III.7.2  and  III.7.4.  Figure  III. 7. 16  is  similar  to  Fig.  III. 7. 6.  The 
two  smallest  annular  openings  in  the  condenser  diaphragm  resulted  in 
an  image  similar  to  that  formed  with  the  central  aperture  N.A.  0.30, 
Fig.  III. 7. 7.  More  diffraction  rings  could  be  counted  around  the  small- 
est particles  when  the  illuminating  cones  N.A.  0.31-N.A.  0.17  and 
N.A.  0.26-N.A.  0.18  were  used  than  when  the  illuminating  cones  had  a 
higher  mean  numerical  aperture. 

The  influence  of  the  residual  aberrations  of  the  objective  on  either 
the  formation  of  the  phase  contrast  image  or  on  the  appearance  of  the 
halo  as  the  difTraction  plates  were  changed  is  not  known.  If  an  ob- 
jective contained  a  diffraction  plate  which  had  an  annulus  of  the  size 
N.A.  0.52-N.A.  0.36  and  which  produced  medium  or  high  dark  contrast, 
then  the  addition  of  a  corrector  plate  to  decrease  the  spherical  aberra- 
tion of  the  objective  did  not  improve  noticeably  the  definition  of  a  phase 
contrast  image.  However,  if  the  diffraction  plate  produced  low  contrast, 
then  less  residual  haze  was  apparent  over  the  field  of  view  when  the 
corrector  plate  was  inserted. 

The  phase  photomicrographs  of  Fig.  III. 7  indicated  the  following 
trends.  If  the  outer  numerical  aperture  of  the  conjugate  area  remains 
constant,  a  narrower  conjugate  annulus  forms  an  image  in  which  the 
halo  extends  farther  into  the  image  of  the  surround  and  in  which  a 
wider  area  adjacent  to  the  boundary  (i.e.,  one  that  extends  closer  to 
the  center  of  the  object  specimen)  of  a  large,  homogeneous,  uniformly 
thick  particle  appears  in  either  bright  or  dark  contrast.  If  the  mag- 
nitude of  the  difference  in  numerical  aperture  included  within  the  con- 
jugate annulus  is  fixed  and  small,  then  a  conjugate  area  of  lower  mean 
numerical  aperture  can  form  an  image  in  which  a  wider  region  adjacent 
to  the  boundary  of  the  particle  appears  in  dark  or  bright  contrast.  There 
was  some  evidence  that  the  conjugate  area  of  greater  mean  numerical 
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aperture  and  given  inekitletl  difference  in  numerical  aperture  produced 
a  halo  that  extended  farther  into  the  image  of  the  surround,  but  the 
aberrations  of  the  objective  and  the  presence  of  pronounced  diffraction 
patterns  complicated  the  observations.  The  fact  that  the  halo  exists 
as  an  artifact  does  not  limit  the  usefulness  of  phase  microscopy.  Care 
must  be  taken  in  trying  to  interpret  amount  of  contrast  in  terms  of 
optical  path  differences  between  the  structural  details  within  a  specimen. 

It  has  been  explained  that  spherical  aberration  can  affect  the  per- 
formance of  a  diffraction  plate  because  the  aberration  also  produces 
relative  changes  in  phase  over  the  wave  front  as  it  passes  through  the 
objective.  The  phase  changes  introduced  by  spherical  aberration  are 
not  abrupt  changes.  However,  if  a  condenser  diaphragm  with  an 
annular  opening  is  placed  at  the  first  focal  plane  of  the  substage  con- 
denser, it  may  be  possible  to  introduce  a  net  change  in  phase  between 
the  deviated  and  the  undeviated  light  by  sufficiently  overcorrecting  or 
undercorrecting  the  objecti\'e.  Some  degree  of  phase  contrast  should 
be  observed  in  such  a  case  although  the  definition  may  be  less  good  than 
if  a  step-type  diffraction  plate  is  used  in  a  well-corrected  objective. 

The  photomicrographs  reproduced  in  Fig.  II  1.8  show  the  result  of 
undercorrecting  or  overcorrecting  the  objective  used  to  obtain  Fig.  III. 7. 
The  amount  of  spherical  aberration  introduced  by  altering  the  separation 
between  two  lens  components  in  the  objective  is  most  easily  described 
in  terms  of  the  equivalent  effect  that  can  be  produced  by  leaving  the 
objective  adjusted  according  to  design  for  a  standard  cover-glass  thick- 
ness but  by  changing  the  thickness  of  the  cover  glass.  The  condenser 
diaphragm  contained  an  annular  opening  described  by  N.A.  0.52- 
N.A.  0.3G.  The  specimen  consisted  of  the  same  group  of  oil  pools 
photographed  in  Fig.  III. 7. 


Fig.  III. 8.  Photomicrogniphs  illustrating  changes  produced  in  the  image  of  the 
oil  pool  specimen  by  altering  the  spherical  aberration  of  the  ol)jective.  The  cone  of 
illumination  was  defined  byN. A.  0.52-N.A.  0.3(5.  The  undercorrection  or  overcorrec- 
tion is  expressed  in  terms  of  a  corresponding  deviation  fromstandard  cover-glass  thick- 
ness. (1)  Undercorrection  equivalent  to  a  decrease  of  0.03  mm  in  cover-glass  thick- 
ness. (2)  Undercorrection  equivalent  to  a  decrease  of  0.07  mm  in  cover-glass 
thickness.  (3)  Undercorrection  equivalent  to  a  decrease  of  0.03  mm  in  cover-glass 
thickness  superimi)osed  on  diffraction  plate  0.15A  — 0.25X.  (4)  Undercorrection 
equivalent  to  a  decrease  of  0.07  mm  in  cover-glass  thickness  superimposed  on  dif- 
fraction plate  0.15A— 0.25X.  (5)  Overcorrection  equivalent  to  an  increase  of  0.05  mm 
in  cover-glass  thickness.  (6)  Overcorrection  equivalent  to  an  increase  of  0.08  mm 
in  cover-glass  thickness.  (7)  Overcorrection  equivalent  to  an  increase  of  0.05  mm  in 
cover-glass  thickness  superimposed  on  diffraction  plate  0.15A  — 0.25X.  (8)  Over- 
correction equivalent  to  an  increase  of  0.08  mm  in  cover-glass  thickness  superimposed 
on  diffraction  plate  0.15A-0.25X.     450 X. 
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The  result  of  undercorrecting  the  objective  by  an  amount  equivalent 
to  a  decrease  of  0.03  mm  in  the  thickness  of  the  cover  glass  is  seen  in 
Fig.  III. 8.1.  Figure  III. 8. 2  shows  the  appearance  of  the  oil  pools  when 
the  objective  was  further  undercorrected  by  an  amount  equivalent  to 
an  additional  decrease  of  0.04  mm  in  the  thickness  of  the  cover  glass. 
The  first  adjustment  indicated  a  tendency  for  bright  contrast  to  occur 
when  the  objective  was  undercorrected,  and  the  second  adjustment  pro- 
duced a  bright-contrast  image.  Inspection  of  the  objective  in  an  inter- 
ferometer at  the  second  stage  of  undercorrection  showed  that  the  part 
of  the  wave  front  which  passed  through  the  region  corresponding  to  the 
conjugate  area  of  the  objective  was  retarded  with  respect  to  the  part 
of  the  wave  front  passing  through  the  center  and  outermost  area  of 
the  objective. 

Figures  III. 8. 3  and  III. 8. 4  were  obtained  by  inserting  diffraction 
plate  0.15A-0.25X,  N.A.  0.52-N.A.  0.36,  in  the  objective  at  these  two 
stages  of  undercorrection.  The  first  step  in  undercorrection  caused  no 
visible  deterioration  in  the  definition  of  the  edges  of  the  oil  pools  (Fig. 
III. 8. 3).  However,  when  the  second  step  in  undercorrection  was  in- 
troduced, the  field  was  covered  by  some  haze  which  was  visible  to  the 
eye  but  which  is  only  slightly  evident  in  the  photomicrograph,  Fig. 
III. 8. 4,  since  the  haze  was  superimposed  on  a  high-contrast  image.  If 
more  complicated  structures  are  imaged  in  low  contrast,  such  haze  can 
obscure  some  of  the  detail.  The  contrast  of  the  very  small  areas  which 
have  been  considered  as  inclusions  increased  relative  to  the  contrast  of 
the  edges  of  the  oil  pools  as  the  two  successive  stages  of  undercorrection 
were  superimposed  on  the  diffraction  plate.  In  fact,  the  inclusions  were 
more  distinct  in  the  image  corresponding  to  Fig.  III. 8. 4  than  they  were 
in  any  of  the  images  corresponding  to  the  phase  photomicrographs  in- 
cluded in  Fig.  1 1 1. 7.  With  an  additional  small  amount  of  undercorrec- 
tion when  the  diffraction  plate  was  in  the  objective,  the  boundaries  of 
the  oil  pools  appeared  blurred  because  of  the  overlying  haze  although 
the  inclusions  were  still  clearly  evident. 

Since  it  is  to  be  expected  that  the  choice  of  compromise  focus  differs 
as  the  spherical  aberration  of  the  objective  is  altered  or  as  the  objective 
is  used  with  or  without  a  diffraction  plate  coating,  it  is  difficult  to  predict 
from  the  theoretical  spherical  aberration  curves  for  the  objective  what 
effective  phase  difference  is  introduced  between  the  deviated  and  un- 
deviated  bundles  of  rays  when  an  objective  is  either  undercorrected  or 
overcorrected  and  then  used  either  with  or  without  a  diffraction  plate 
coating.  It  cannot  be  stated  with  certainty  here  that  superimposing 
upon  the  diffraction  plate  the  spherical  aberration  due  to  undercorrection 
had  the  effect  of  decreasing  the  magnitude  of  the  optical  path  difference 
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5  between  the  conjugate  and  complementary  areas  and  that  the  increased 
contrast  of  the  images  of  the  inclusions  was  due  to  a  decrease  in  |5|. 
The  two  stages  of  undercorrection  affected  the  appearance  of  the  bright- 
contrast  images  produced  with  plate  0. 19A  +0.25X  in  a  similar  way  except 
that  the  contrast  of  the  inclusions  was  not  so  greatly  enhanced  as  the 
objective  was  undercorrected. 

The  diffraction  plate  was  removed  from  the  objective  and  the  ob- 
jecti^'e  was  overcorrected  first  by  an  amount  equivalent  to  an  increase  of 
0.05  mm  in  the  thickness  of  the  cover  glass  (as  measured  from  the  thick- 
ness of  the  standard  cover  glass  for  which  the  objective  was  initially 
adjusted  to  obtain  Fig.  III. 7)  and  then  by  an  amount  equivalent  to  an 
increase  of  0.08  mm  in  thickness  from  that  of  the  standard  cover  glass. 
Figures  IILS.S  and  III. 8. 6  were  obtained.  The  oil  pools  then  ap- 
peared in  dark  contrast  and  the  definition  was  good.  It  is  interesting 
to  compare  Fig.  III. 7. 9.  When  the  diffraction  plate  designated  by 
0.15A-0.25X,  N.A.  0.52-N.A.  0.3G,  was  placed  in  the  objective  at  these 
two  stages  of  overcorrection,  the  images  seen  in  Figs.  III. 8. 7  and  III. 8. 8 
were  formed.  The  superposition  of  the  first  step  in  overcorrection 
caused  the  particles  A'  to  appear  in  bright  contrast  and  out  of  focus 
when  the  edges  of  the  oil  pools  appeared  sharpest,  although  all  the  images 
appeared  blurred.  Superposition  of  the  next  step  in  overcorrection 
caused  a  blue  haze  to  obscure  much  of  the  detail.  The  overcorrection 
produced  similar  deterioration  of  the  bright-contrast  images  formed 
when  the  diffraction  plate  0.19A+0.25X  was  placed  in  the  objective  at 
the  two  stages  of  overcorrection.  This  illustrates  the  fact  that  the 
choice  of  the  proper  cover-glass  thickness  as  well  as  the  avoidance  of  a 
thick  layer  of  mounting  material  between  the  specimen  and  the  cover 
glass  can  be  important  for  good  image  formation  with  a  dry  phase  ob- 
jective of  relatively  high  numerical  aperture.  It  also  follows  that  the 
correct  tube  length  is  then  of  consequence. 

6.  THE  PHASE  VERTICAL-ILLUMINATION  MICROSCOPE 

The  method  of  phase  microscopy  has  been  adapted  to  vertical-illumi- 
nation or  incident-light  microscopes  for  observing  specularly  reflecting 
specimens  (Jupnik,  Osterberg,  and  Pride,  1946,  1948;  Cuckow,  1947, 
1949;  Taylor,  1949;  Benford  and  Seidenberg,  1950).  Figure  III. 9 
illustrates  the  optical  system  used  by  Jupnik  et  al.  (1948)  in  their 
experimental  test  of  the  applicability  of  the  method.  A  diaphragm,  D, 
having  an  annular  opening  served  as  the  entrance  pupil  of  an  optical 
system  consisting  of  a  field  lens,  the  microscope  objective,  and  the  re- 
flecting surface  of  the  specimen.  The  light  source  was  imaged  on  di- 
aphragm D  by  the  condenser  lens.     The  field  lens  and  the  objective 
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formed  an  image,  Di,  of  the  diaphragm  below  the  specularly  reflecting 
surface  of  the  object  specimen.  The  light  was  reflected  by  the  surface 
of  the  specimen  and  passed  through  the  objective  again  to  form  a  real 
image,  D2,  of  the  diaphragm.  Image  Do  became  the  exit  pupil  and 
therefore  the  location  of  the  dift'raction  plate.     In  one  trial,  the  optical 
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Fig.  III. 9.     Optical  system  of  the  experimental  phase  contrast  vertical-illumination 

microscope  designed  by  Jupnik  et  al. 


system  was  adjusted  to  form  image  D2  below  the  beam  splitter  (broken 
lines),  and  in  a  second  experiment  image  D2  was  formed  above  the  beam 
splitter  (solid  lines).  Locating  the  exit  pupil  between  the  beam  splitter 
and  the  eyepiece,  as  in  the  second  arrangement,  minimized  both  the 
amount  of  stray  light  and  losses  of  illumination.  The  dift'raction  plate 
for  the  phase  vertical  illuminator  was  a  glass  plate  coated  in  the  same 
way  as  the  dift'raction  plate  used  in  an  objective  for  observing  a  trans- 
mitting specimen.  Cuckow  (1949)  used  a  phase  objective  designed  for 
transmission  work  to  show  that  the  phase  vertical  illuminator  is  a  very 
useful  tool  in  metallurgy.  Taylor  (1949)  compressed  the  optical  as- 
sembly consisting  of  the  microscope  objective  lenses,  the  beam  splitter, 
and  the  diffraction  plate  into  the  objective  mount.  The  beam  splitter 
was  placed  immediately  above  the  lenses  of  the  objective,  and  the  image 
of  the  condenser  diaphragm  was  formed  on  the  diffraction  plate  located 
above  the  beam  splitter. 
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Benford  and  Seidenberg  (1950)  introduced  a  projector  system,  anal- 
ogous to  the  ordinary  eyepiece  of  a  microscope  i)ut  better  corrected 
for  spherical  and  chromatic  aberration,  and  mounted  the  diffraction 
plate  at  the  conjugate  aperture  in  the  projector  system.  If  the  di- 
aphragm is  located  at  the  aperture  of  the  condenser  system,  an  image 
of  the  diaphragm  is  formed  at  the  exit  pupil  of  the  ocular  of  the  micro- 
scope as  well  as  at  the  back  aperture  of  the  objective.  It  has  been 
shown  (Osterberg,  1948a)  that  any  one  of  the  conjugate  pupils  which 
follows  the  entrance  pupil  of  a  phase  microscope  can  serve  as  the  location 
of  the  diffraction  plate. 

Whatever  optical  system  is  adopted,  the  surface  of  the  specimen  must 
be  perpendicular  to  the  optical  axis  of  the  microscope  so  that  the  image 
of  the  diaphragm  is  centered  upon  this  optical  axis  when  the  condenser 
diaphragm  has  been  centered.  If  the  surface  of  the  specimen  diffuses 
the  incident  light  completely,  no  image  of  diaphragm  D  is  formed  after 
the  light  passes  through  the  objective  the  second  time,  and  phase  con- 
trast cannot  be  obtained. 

The  phase  vertical  illuminator  increases  the  contrast  in  the  image  of 
surface  details  which  consist  of  elevations  and  depressions  and  which 
therefore  give  rise  to  small  differences  in  optical  path  between  rays  re- 
flected from  neighboring  areas  at  different  heights  on  the  surface  of  the 
specimen.  If  a  well-polished,  homogeneous  specimen  is  being  observed 
with  the  phase  vertical  illuminator  and  the  diffraction  plate  is  of  the 
type  TA— 0.25X,  a  small  elevation  appears  brighter  than  the  surround- 
ing area,  and  a  depression,  scratch,  or  hollow  appears  darker  than  the 
surrounding  area,  provided  that  the  depression  is  not  too  deep.  If  the 
diffraction  plate  is  of  the  type  TA+0.25X,  then  a  depression  appears 
bright,  and  an  elevation  appears  dark.  When  an  image  is  to  be  observed 
in  dark  contrast,  care  must  be  taken  that  the  optical  path  difference 
between  the  detail  of  interest  and  the  surround  is  not  too  great.  It 
should  be  noted  that,  since  light  is  incident  on  the  specimen  and  then 
reflected,  the  ray  of  light  which  is  incident  on  the  lower  area  travels 
through  twice  the  optical  path  difference  between  the  lower  and  higher 
regions  before  it  re-enters  the  objective  after  reflection.  Neighboring 
areas  that  introduce  small  differences  in  phase  at  reflection,  areas  that 
produce  small  optical  path  differences  as  a  result  of  penetration  and 
subsequent  reflection  of  the  incident  light,  and  neighboring  areas  that 
show  small  differences  in  reflectivity  or  in  absorption  either  with  or 
without  a  small  change  in  the  relative  phase  also  appear  as  areas  of 
different  brightness  in  the  phase  vertical-illumination  microscope  if  the 
diffraction  plate  is  suitably  chosen. 

In  1949  Cooke,  Troughton  and  Simms,  Ltd.,  began  to  supply  phase 
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contrast  accessories  for  their  incident-illumination  microscope.  The 
phase  objectives  are  a  series  of  achromatic  objectives  which  carry  in 
the  mount  a  beam  splitter  and  a  diffraction  plate  located  above  the 


Fig.  III.  10.     The  phase  contrast  microscope  available  from  Cooke,  Troughton  and 

Simms,  Ltd.,  for  vertical  incident  illumination.     The  aperture  through  which  Hght 

is  incident  on  the  beam  spHtter  is  more  easily  seen  in  the  mount  of  the  objectives 

beside  the  stand.     Courtesy  of  Cooke,  Troughton  and  Simms,  Ltd.  (1949). 

beam  splitter  (cf.  Taylor,  1949)  and  which  have  been  corrected  for 
zero  cover-glass  thickness.  The  illuminator  tube  carries  a  single  di- 
aphragm with  an  annular  aperture.  Means  are  provided  to  move  the 
condenser  diaphragm  in  and  out  of  action  and  to  center  it.     The  power 
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of  the  condensing  lens  system  in  the  illuminator  tube  is  variable,  and 
the  inner  and  outer  diameters  of  the  conjugate  area  of  the  diffraction 
plates  contained  in  objectives  of  different  power  are  made  to  a  common 
ratio.  Thus  the  correct  match  between  the  image  of  the  condenser 
diaphragm  and  the  conjugate  area  of  the  diffraction  plate  is  produced 
by  varying  the  magnification  of  the  image  of  the  single  condenser 
diaphragm.  Figure  III.  10  is  a  photograph  of  the  Cooke,  Troughton 
and  Simms  phase  contrast  incident-light  microscope.     This  firm  also 


Phase  Regular 

observation     observation 
system  system 


Projector       j 
system        I 


4" 


'(^^^^ 


Removable 
prism 


annulus 


Fig.  III. 11.     Layout  of  the  Bausch  and  Lomb  reflected-light  microscope  with  phase 

contrast  accessories.     The  phase  accessories  are  shaded  to  differentiate  them  from 

the  microscope  proper.     Courtesy  of  Bausch  and  Lomb  Optical  Co. 


supplies  (1949)  phase  contrast  equipment  for  the  Vickers  projection 
microscope.  The  unit  supporting  the  phase  objective  and  the  illumina- 
tor tube  is  attached  to  the  instrument  by  means  of  a  bayonet  joint  and 
is  interchangeable  with  the  universal  illuminator.  The  phase  objectives 
are  achromatic  objectives  of  a  standard  series  of  numerical  apertures 
and  powers  and  are  adjusted  for  work  with  no  cover  glass  at  a  tube  length 
of  250  mm.  Each  objective  is  supplied  with  a  beam  splitter,  a  dif- 
fraction plate,  and  a  magnetic  centering  mount. 

The  Bausch  and  Lomb  Optical  Co.  has  adopted  the  scheme  reported 
by  Benford  and  Seidenberg  (1950).  This  system  is  illustrated  in  Fig. 
III.  11.  Advantage  is  taken  of  the  fact  that  the  size  of  the  image  of  the 
condenser  diaphragm  (the  clear  annulus  of  Fig.  III.  11  is  the  condenser 
diaphragm)  produced  at  the  back  focal  plane  of  the  objective  remains 
substantially  the  same  regardless  of  the  focal  length  of  the  objective. 
The  diffraction  plate  is  placed  at  the  exit  pupil  of  the  projector  system. 
The  same  diffraction  plate  can  be  retained  with  the  objectives  of  dif- 
ferent power,  and  then  only  one  condenser  diaphragm  is  required.     The 
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projector  system  is  designed  to  minimize  spherical  and  chromatic  aber- 
ration in  the  plane  of  the  exit  pupil  in  which  the  diffraction  plate  is 
located.  An  ordinary  ocular  is  not  sufficiently  well  corrected  to  sub- 
stitute for  the  projector  system.  A  beam-splitting  cube  follows  the 
projector  system  and  diffraction  plate.  This  cube  allows  a  phase  con- 
trast image  to  be  transmitted  to  the  camera  and  also  provides  a  re- 
flected image  for  visual  observation  with  an  ordinary  microscope  eye- 
piece. 

7.  PHASE    MICROSCOPY    WITH    ULTK AVIOLET    AND    INFRARED    IL- 
LUMINATION 

In  recent  years  there  has  been  much  interest  in  designing  microscope 
and  condenser  systems  for  use  with  ultraviolet  and  infrared  illumination. 
Such  optical  systems  may  include  either  refracting  or  reflecting  com- 
ponents or  both.  The  resolution  of  a  given  objective  increases  as  the 
wavelength  of  illumination  decreases.  In  addition  to  higher  resolution, 
a  further  advantage  may  be  gained  with  ultraviolet  microscopy  because 
many  substances  that  are  transparent  to  visible  light  absorb  ultraviolet 
wavelengths  selectively.  The  fact  that  many  substances  absorb  in- 
frared light  selectively  also  makes  infrared  microscopy  valuable.  When 
small  optical  path  differences  and  small  amounts  of  absorption  are 
present  in  the  object  specimen,  a  phase  objective  can  increase  the  con- 
trast in  the  image.  However,  determination  of  the  absorption  ratio 
between  two  parts  of  an  object  specimen,  which  in  the  general  case 
contains  both  absorption  and  optical  path  differences,  is  a  compli- 
cated procedure  that  requires  a  system  of  variable  phase  microscopy 
(Osterberg  and  Pride,  1950). 

Bennett,  Woernley,  and  Kavanagh  (1948)  have  reported  some  initial 
work  with  an  ultraviolet  phase  microscope.  The  light  forming  the 
image  of  the  specimen  passes  through  the  diffraction  plate.  If  the  dif- 
fraction plate  is  of  the  transmission  type,  the  same  general  design  con- 
siderations hold  as  for  visible  illumination  except  that  the  high  absorp- 
tion of  ultraviolet  radiation  by  many  materials  may  impose  an  additional 
limitation.  If  reflecting  optics  are  contained  in  the  objective,  one  of 
the  reflecting  surfaces  can  be  altered  to  form  a  reflection  type  diffraction 
coating.  If  a  coating  is  applied  over  part  of  the  reflecting  surface  to 
form  an  abrupt  step,  then  light  reflected  from  the  step  and  that  re- 
flected from  the  adjacent  area  travel  through  different  lengths  of  path 
and  a  phase  difference  is  introduced  between  such  rays  of  light.  The 
reflectivity  of  the  step  can  be  made  different  from  that  of  the  adjacent 
area,  for  example,  by  depositing  coatings  of  different  materials  on  the 
two  regions,  so  that  any  ratio  of  the  light  energy  reflected  from  the  step 
to  that  reflected  by  the  adjacent  area  can  be  obtained. 
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8.  FRANGON'S  SYSTEM  FOR  PHASE  MICROSCOPY 

Frangon  (1950)  devised  a  means  for  applying  the  method  of  phase 
microscopy  without  modifying  the  optical  elements  of  the  ordinary 
microscope.  An  intermediate  image  that  is  stigmatic  and  aplanatic  is 
formed  at  unit  magnification  between  the  object  specimen  and  the 
microscope  objective.  The  optical  assembly  that  forms  the  inter- 
mediate image  contains  the  diffraction  plate  or  its  equivalent,  and  the 
ordinary  microscope  produces  a  magnified  image  of  the  intermediate 
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Fig.  III.  12.     Schematic  drawing  of  Franc^on's  hemisphere  for  producing  a  phase 

contrast  image. 


phase  contrast  image.     The  numerical  aperture  of  the  microscope  ob- 
jective may  be  as  high  as  1.30. 

The  device  proposed  by  Frangon  is  placed  between  the  specimen  and 
the  microscope  objective.  Figure  III. 12  illustrates  this  device  and 
the  manner  in  which  the  phase  contrast  image  is  formed.  In  Fig.  III.  12, 
BCDE  represents  the  surface  of  a  segment  of  a  glass  hemisphere  cut 
into  two  parts  along  the  plane  MGN  parallel  to  the  base  AOF  of  the 
hemisphere  so  that  the  distance  OG  is  equal  to  one-half  the  radius  of 
curvature  of  the  hemisphere.  0  is  the  center  of  curvature  of  the 
hemisphere.  The  two  surfaces  which  result  from  the  cut  along  MGN 
are  polished.  The  central  circular  area  KL  of  the  surface  at  MGN  of 
the  upper  part  of  the  hemisphere  is  opaque.     A  dielectric  film  having  a 
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relatively  high  reflectivity  is  also  applied  over  the  upper  face  along 
MGN.  Frangon  used  a  film  of  titanium  dioxide  formed  by  means  of 
an  evaporation  process.  The  diffraction  plate  or  its  equivalent  is  placed 
on  the  highly  reflecting  film  and  is  centered  on  the  optical  axis  of  the 
condenser-hemisphere-microscope  system. 

The  conjugate  area  of  the  diffraction  plate  may  have  the  shape  of 
either  a  disk  or  an  annulus.  The  diffraction  plate  may  be  constructed 
by  any  of  the  known  procedures,  such  as  evaporating  a  suitable  com- 
bination of  metallic  and  dielectric  films,  cementing  films  of  plastic  or 
gelatin  at  the  interface  MGN,  or  using  polarizing  or  birefringent  materials 
or  both  as  in  systems  of  variable  phase  microscopy.  In  Fig.  III.  12 
the  conjugate  area  is  designated  by  the  letters  HI.  After  the  dif- 
fraction plate  has  been  added,  the  two  parts  of  the  hemisphere  are  re- 
combined.  The  hemispherical  surface,  or  whatever  portion  of  a 
hemispherical  surface  is  required,  is  silvered  except  over  the  small 
circular  aperture  CD  centered  on  the  optical  axis  of  the  system.  The 
specimen  is  adjacent  to  the  plane  AOF  and  is  centered  at  0.  In  order 
to  permit  the  use  of  a  standard  microscope  preparation  with  a  cover 
glass  0.17  mm  thick,  the  thickness  of  the  lower  part  of  the  glass  hemi- 
sphere is  reduced  by  0.17  mm.  For  greater  ease  in  moving  the  specimen 
slide  into  the  correct  position  and  to  prevent  scratching,  it  is  preferable 
further  to  reduce  the  thickness  of  the  lower  part  of  the  hemisphere  by 
0.1  or  0.2  mm  and  to  use  a  film  of  oil  between  the  slide  and  the  hemi- 
sphere, regardless  of  the  numerical  aperture  of  the  microscope  objective. 
The  cover  glass  and  the  oil  film  then  complete  the  hemisphere. 

In  Fig.  III.  12  a  ray  of  light  emerging  from  the  opening  in  the  con- 
denser diaphragm  is  incident  on  the  specimen  at  the  point  0,  the  center 
of  curvature  of  the  hemisphere.  Part  of  the  light  is  deviated  by  the 
object  specimen.  The  broken  lines  represent  rays  associated  with  the 
light  deviated  by  the  specimen,  and  the  solid  line  within  the  hemisphere 
designates  the  ray  associated  with  that  part  of  the  light  which  is  not 
deviated  by  the  specimen.  Consider  the  deviated  ray  OP.  This  ray 
is  partially  reflected  and  partially  transmitted  (ideally,  half  the  light 
energy  is  transmitted)  at  the  dielectric  film  applied  over  the  face  at 
MGN.  The  reflected  part  of  the  light  does  not  enter  the  microscope 
objective.  The  transmitted  portion  incident  at  P  is  reflected  by  the 
silvered  surface  back  on  itself  to  the  interface  MGN,  and  partial  re- 
flection again  occurs  at  the  highly  reflecting  dielectric  film.  The  ray 
arising  from  this  last  reflection  passes  through  the  opening  designated 
by  CD.  In  the  same  way,  the  other  rays  which  represent  the  deviated 
light  waves  originating  at  0  emerge  through  the  aperture  CD  and  inter- 
sect at  a  point  0'.     Similarly,  a  part  of  the  undeviated  ray  which  passes 
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through  0  also  crosses  the  point  0'  as  it  leaves  the  hemisphere.  There- 
fore 0'  is  the  image  of  0.  Since  the  point  0  is  at  the  center  of  curvature 
of  a  spherical  reflecting  surface,  the  image  at  0'  has  a  magnification 
equal  to  unity,  is  free  from  both  chromatic  and  spherical  aberration, 
and  is  free  from  coma.  Although  the  object  specimen  is  small,  it  has 
some  extent  and  therefore  a  small  amoimt  of  astigmatism  is  present  in 
the  image  of  a  specimen  centered  at  0.  Frangon  has  shown  that  with 
a  microscope  objective  of  a  given  numerical  aperture  the  proper  selection 
of  the  radius  of  curvature  of  the  hemisphere  can  limit  the  astigmatism 
to  a  tolerable  amount. 

From  Fig.  III.  12  it  can  also  be  seen  that  either  the  deviated  or  the 
undeviated  rays  which  make  a  very  small  angle  with  the  optical  axis 
would  strike  the  non-metallized  aperture  CD  of  the  hemisphere  and 
would,  except  for  the  small  fraction  reflected  at  the  glass-air  surface, 
pass  directly  through  the  hemisphere.  Such  rays  would  not  travel  the 
same  length  of  optical  path  as  do  the  rays  making  a  greater  angle  with 
the  optical  axis  and  would  not  be  brought  to  a  focus  at  0'.  The  opaque 
region  KL  prevents  any  deviated  or  undeviated  ray  from  passing 
directly  through  the  aperture  CD  without  first  being  reflected  by  the 
hemispherical  surface.  Therefore,  because  of  the  presence  of  the  opaque 
area  KL,  the  deviated  and  undeviated  rays  travel  equal  lengths  of 
path  in  Frangon's  hemisphere  except  for  the  difference  deliberately  in- 
troduced by  means  of  the  diffraction  plate.  Since  the  field  of  the  micro- 
scope system  has  some  extent  about  0,  the  diameter  of  the  area  KL 
should  be  at  least  ec^ual  to  the  diameter  of  the  aperture  CD.  The 
maximum  angle  of  inclination  13  which  a  deviated  ray  that  enters  the 
microscope  objective  can  make  with  the  optical  axis  of  any  hemisphere 
in  this  arrangement  is  60°.  The  dotted  line  OT  in  Fig.  III.  12  shows  this 
deviated  ray.  The  largest  section  of  a  hemisphere  required  for  this 
device  is  delimited  by  the  rays  deviated  60°  from  the  optical  axis.  If 
the  hemispherical  section  is  made  of  glass  with  a  refractive  index  of  1.52, 
the  numerical  aperture  of  this  intermediate  image-forming  system  can 
be  made  as  great  as  1.52  sin  60°,  or  approximately  1.32.  This  is  suf- 
ficient numerical  aperture  for  almost  all  oil  immersion  objectives.  In 
Fig.  III.  12  the  microscope  objective  is  represented  as  being  immersed. 

Figure  III.  13  shows  two  methods  of  imaging  the  opening  in  the  con- 
denser diaphragm  on  the  conjugate  area  of  the  diffraction  plate.  The 
substage  condenser  is  not  shown.  A  illustrates  the  design  common  in 
phase  microscopy  in  which  the  condenser  diaphragm  is  at  the  first  focal 
plane  of  the  substage  condenser.  Any  two  rays  that  intersect  at  a  point 
in  the  plane  of  the  condenser  diaphragm  emerge  from  the  substage  con- 
denser as  parallel  rays.     Such  parallel  rays  which  are  not  deviated  by 
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the  object  specimen  and  which  are  partially  transmitted  by  the  highly 
reflecting  dielectric  film  at  MGN  form  an  image  of  the  opening  in  the 
condenser  diaphragm  on  the  conjugate  area  of  the  diffraction  plate 
after  they  have  been  reflected  by  the  silvered  portion  of  the  surface 
BCDE  since  the  diffraction  plate  is  located  at  the  focal  plane  of  the 
hemispherical  section.  These  rays  are  again  partially  reflected  at  the 
interface  MGN  and  form  a  divergent  bundle  of  light  which  passes 
through  the  aperture  CD.     Thus  the  light  which  comes  from  a  point  in 


E     B 


Fig.  III.  13.  Formation  of  the  image  of  the  opening  in  the  condenser  diaphragm 
on  the  conjugate  area  in  Frangon's  hemisphere.  A.  The  undeviated  rays  which  enter 
the  hemisphere  are  parallel.     B.  The  undeviated  rays  which  enter  the  hemisphere 

converge  directly  on  HI. 


the  opening  in  the  condenser  diaphragm  and  which  is  not  deviated  by 
the  object  specimen  spreads  over  the  field  at  CD  and  interferes  with  the 
deviated  light  to  form  an  image  of  the  object  specimen. 

The  substage  condenser  and  the  diaphragm  can  also  l^e  so  arranged 
that  an  image  of  the  opening  in  the  condenser  diaphragm  is  formed 
directly  on  the  conjugate  area  of  the  diffraction  plate  as  is  shown  in  B. 
The  rays  then  diverge  from  the  conjugate  area  until  they  strike  the 
silvered  portion  of  the  hemispherical  surface  and  are  reflected  as  a 
bundle  of  parallel  rays.  After  partial  reflection  at  the  interface  MGN, 
the  parallel  rays  emerge  from  the  aperture  CD.  The  undeviated  light 
spreads  over  the  image  plane  at  CD  and  interferes  with  the  deviated 
rays  to  form  an  image  of  the  object  specimen.     This  bundle  of  parallel, 
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undeviated  rays  also  forms  a  second  image  of  the  condenser  diaphragm 
at  the  back  focal  plane  of  the  microscope  objective. 

Either  method  of  producing  the  image  of  the  condenser  diaphragm 
introduces  some  aberration  in  the  rays  passing  through  CD,  but,  since 
in  practice  the  angle  a.  is  small,  this  aberration  should  not  be  trouble- 
some. The  presence  of  spherical  aberration  in  the  microscope  objective 
will  affect  the  quality  of  the  final,  magnified  phase  contrast  image  in 
the  same  way  as  if  the  diffraction  plate  were  contained  in  the  objective. 
If  the  microscope  objective  has  been  corrected  for  a  cover  glass  0.17  mm 
thick,  then  it  is  necessary  to  place  a  cover  glass  0.17  mm  thick,  or  its 
equivalent,  over  the  image  at  0' .  Fran^on  found  that  a  more  practical 
solution  was  to  form  the  image  oi  0  }i  mm  above  the  aperture  CD 
by  displacing  the  interface  MGN  slightly  toward  the  top  of  the  hemi- 
sphere and  then  to  cement  over  CD  a  planoconcave  lens  }4  mm  thick 
(0.33  mm  +  0.17  mm)  and  having  the  same  radius  of  curvature  as  the 
hemisphere. 

The  device  described  by  Fran^-on  can  be  expected  to  have  several 
advantages.  The  image  of  the  condenser  diaphragm  will  be  formed  with 
less  curvature  of  field  in  the  plane  of  the  diffraction  plate  within  the 
hemisphere  than  within  a  microscope  objective  of  short  focal  length. 
It  will  be  easier  to  avoid  parallax  between  the  image  of  the  opening  in 
the  condenser  diaphragm  and  the  conjugate  area  of  the  diffraction  plate. 
The  relatively  intense  undeviated  beam  that  is  present  with  most  trans- 
parent specimens  is  weakened  within  the  hemisphere,  and  there  should 
be  less  loss  of  contrast  produced  by  the  scattering  of  light  from  the  direct 
beam  within  the  microscope.  Fran^-on's  device  is  an  example  of  the 
application  of  the  multipupil  principle  to  facilitate  the  practice  of  phase 
microscopy. 

9.  SYSTEMS  OF  VARIABLE  PHASE  MICROSCOPY 

Throughout  this  section  and  its  subdivisions  the  term  phase  difference 
will  refer  to  the  optical  path  or  phase  difference  5  between  the  conjugate 
and  complementary  area  of  the  diffraction  plate  or  its  equivalent,  and 
the  term  amplitude  ratio  will  refer  to  the  ratio  h  of  the  amplitude  trans- 
mission of  the  conjugate  area  to  the  amplitude  transmission  of  the 
complementary  area  of  the  diffraction  plate  or  its  equivalent.  The 
purpose  of  variable  phase  microscopy  is  to  obtain  continuous  variation 
in  the  phase  difference  or  in  the  amplitude  ratio  or  in  both.  Although 
limited  ranges  of  variation  are  useful,  greatest  flexibility  is  achieved 
when  the  phase  difference  is  continuously  variable  from  zero  to  1  wave- 
length and  when  the  amplitude  ratio  can  be  varied  continuously  from 
zero  to  infinity.     When  such  a  range  of  variation  is  available,  it  becomes 
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possible  to  adjust  the  microscope  for  optimum  bright  or  dark  contrast 
for  a  wide  variety  of  object  specimens.  An  important  advantage  of 
the  continuously  variable  phase  microscope  is  that  quantitative  informa- 
tion about  the  area  and  the  optical  properties  of  the  particle  can  fre- 
quently be  deduced  from  the  h  and  5  setting  required  for  producing 
optimum  bright  or  dark  contrast  (Osterberg  and  Pride,  1950). 

9.1.  Polanret  methods  for  phase  microscopy 

One  of  the  methods  for  obtaining  variable  phase  microscopy  consists 
in  replacing  the  diffraction  plate  by  suitably  chosen  polarizing,  analyz- 
ing, and  birefringent  retarding  elements.  This  general  method  can  be 
executed  in  a  large  number  of  ways.  It  is  called,  for  brevity,  the 
polanret  method  or  polanret  microscopy.  Polanret  methods  can  be- 
come simple  both  in  principle  and  in  practice  w'hen  it  suffices  to  vary 
either  the  phase  difference  only  or  the  amplitude  ratio  only.  However, 
when  it  is  required  that  both  the  phase  difference  and  the  amplitude 
ratio  be  continuously  and  independently  variable,  a  polanret  system  of 
high  optical  quality  can  become  difficult  to  achieve  with  existing  ob- 
jective designs  and  with  materials  now  available. 

In  one  class  of  polanret  systems  the  light  passing  through  the  con- 
jugate area  and  that  passing  through  the  complementary  area  are 
polarized  with  different  directions  of  vibration,  preferably  at  right  angles. 
This  can  be  accomplished  by  replacing  the  diffraction  plate  by  two 
zonal  polarizers  of  high  optical  quality.  One  of  these  covers  the  con- 
jugate area  and  the  other  covers  the  complementary  area.  After  pass- 
mg  through  the  zonal  polarizers,  the  deviated  and  undeviated  bundles  of 
rays  remain  separated  physically  because  of  their  different  directions 
of  polarization  until  components  of  the  deviated  and  undeviated  bundles 
are  subsequently  brought  into  a  common  direction  of  vibration  by  pass- 
ing the  deviated  and  undeviated  light  through  an  analyzer.  An  im- 
portant consequence  of  introducing  zonal  polarizers  is  that  the  phase 
difference  and  the  amplitude  ratio  can  be  altered  by  the  interaction  of 
other  polarizers  and  bii'efringent  elements  which  do  not  have  to  be 
located  adjacent  to  the  zonal  polarizers,  that  is,  near  the  conjugate  and 
complementary  areas. 

If  only  the  zonal  polarizers  and  the  analyzer  are  included  in  the  optical 
system,  a  continuously  variable  amplitude  ratio  is  obtained.  The 
amplitude  ratio  is  varied  by  rotating  the  analyzer  relative  to  the  zonal 
polarizers,  and  the  numerical  value  of  the  amplitude  ratio  is  easily 
calculated  from  the  angle  of  rotation  of  the  analyzer.  The  amplitude 
ratio  can  assume  practically  any  value  from  zero  to  infinity  because 
the  analyzer  may  be  set,  in  the  limiting  cases,  to  block  either  the  un- 
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deviated  or  the  deviated  bundles  of  rays.  Fixed  phase  differences  may 
be  inckided  by  adding  the  correct  thickness  of  a  dielectric  material  over 
the  required  area.  Polanret  systems  of  this  type  are  both  relatively 
simple  in  principle  and  relatively  easy  to  construct  with  resultant  good 
optical  performance.  A  fixed  phase  difference  may  also  be  obtained  by 
placing  a  birefringent  plate  between  the  zonal  polarizers  and  the 
analyzer.  The  fast  or  slow  direction  of  vibration  of  the  electric  vector 
in  the  birefringent  plate  should  be  parallel  either  to  the  direction  of 
vibration  of  the  electric  vector  which  emerges  from  the  conjugate  area 
or  to  the  direction  of  vibration  of  the  electric  vector  which  emerges  from 
the  complementary  area. 

In  order  to  obtain  variable  phase  difference,  a  direct  procedure,  for 
example,  is  to  replace  the  plate  with  fixed  birefringence  by  a  variable 
birefringent  plate  such  as  the  Babinet-Soleil  compensator  or  by  a  plate 
the  birefringence  of  which  is  varied  electro-optically.  Although  in- 
corporating elements  with  variable  birefringence  into  a  polanret  system 
is  sound  in  principle,  such  components  form  a  cumbersome  optical  unit, 
and  several  objections  arise.  In  these  more  direct  methods  of  attack, 
the  amplitude  ratio  is  altered  preferably  by  rotating  a  polarizer  which 
is  located  either  below  or  above  the  object  specimen  according  as  it  is 
desired  that  the  specimen  shall  be  illuminated  by  polarized  or  un- 
polarized  light. 

9.2.  A  highly  flexible  polanret  system 

The  polanret  system  illustrated  in  Fig.  III.  14  is  capable  of  varying  the 
amplitude  ratio  and  the  phase  difference  continuously  and  independently 
throughout  the  complete  ranges  of  values  that  are  of  interest  in  phase 
microscopy.  This  method  has  been  described  by  Osterberg  (19-17). 
The  phase  variation  is  obtained  by  an  indirect  method  which  includes 
simple  optical  components  and  which  w^as  discussed  in  an  earlier  paper 
(Osterberg,  1946). 

The  conventional  diffraction  plate  is  replaced  by  the  micoid  disk. 
This  disk  together  with  the  rotatable  analyzer  and  polarizer  constitute 
the  essential  elements  of  the  polanret  system.  The  polarizer  may  be 
located  anywhere  between  the  micoid  disk  and  the  source  of  light.  The 
analyzer  may  be  placed  anywhere  between  the  micoid  disk  and  the  eye 
or  viewing  device.  Since  lenses  produce  elliptical  polarization,  the 
analyzer  and  the  polarizer  preferably  are  located  adjacent  to  the  micoid 
disk,  but  in  the  usual  phase  microscope  these  locations  are  awkward  for 
mechanical  reasons.  The  micoid  disk  is  composed  of  two  zonal  polarizers 
which  transmit  electrical  vibrations  along  the  directions  Ei  and  E2  over 
the  conjugate  and  complementary  areas,  respectively,  and  of  a  quarter- 
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wave  retarding  plate,  the  X  direction  of  which  is  set  at  45°  with  respect 
to  El  and  £'2.  X  is  the  direction  of  vibration  of  the  slow  ray  in  the 
quarter-wave  plate.  As  explained  by  Osterberg  (1947),  the  X  direction 
is  the  natural  line  of  reference  for  measuring  the  angle  6  of  rotation  of 
the  polarizer.  6  is  the  angle  between  the  X  direction  and  the  direction 
of  the  electric  vector  transmitted  by  the  polarizer,  d  is  positive  in 
the  clockwise  direction  with  respect  to  the  observer  as  he  looks  into 
the  microscope.  The  light  passes  through  the  quarter-wave  plate 
before  entering  the  zonal  polarizers.  Rotating  the  polarizer  through 
the  angle  6  serves  only  to  introduce  a  phase  difference  8  =  26  between 
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Fig.  III. 14.     A  polanret  system  which  permits  the  ampHtude  ratio  h  and  the  phase 
difference  5  to  be  varied  continuously  and  independently. 


the  undeviated  and  deviated  rays.  It  suffices  to  limit  d  to  the  range 
—  7r/2  ^  0  ^  7r/2.  Let  a  denote  the  angle  between  £'2  and  the  direc- 
tion of  the  electric  vector  transmitted  by  the  analyzer.  Rotation  of 
the  analyzer  varies  only  the  amplitude  ratio  h  between  the  undeviated 
and  deviated  rays  such  that  h~  =  T  =  tan"  a.  In  principle,  therefore, 
the  phase  difference  can  be  varied  from  —w  to  tf  (one  complete  wave- 
length) and  the  amplitude  ratio  can  be  varied  from  zero  to  infinity. 

The  zonal  polarizers  preferably  are  made  of  thin  polarizing  film  of 
high  optical  ciuality,  but  they  may  be  constructed  of  left-  and  right- 
handed  elements  of  quartz  which  rotate  the  plane  of  polarization  45°. 
The  zonal  polarizers  can  also  be  constructed  of  two  half-wave  retarding 
plates.  Thin  polarizing  films  are  preferred  because  they  give  rise  to 
fewer  complications  from  troublesome  phenomena  due  to  birefringence 
and  because  the  polarizer  may  be  omitted  whenever  it  is  unnecessary 
to  vary  the  phase  difference,  provided  that  the  zonal  polarizers  are 
polarizing  sheets.     On  the  other  hand,  thin  polarizing  films  are  difficult 
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to  handle  at  present  even  when  the  Vectograph  method  is  applied  to 
making  the  zonal  polarizer. 

The  polanret  system  illustrated  by  Fig.  III.  14  has  been  successfully 
incorporated  into  microscope  objectives  with  relatively  long  focal 
length  and  low  numerical  aperture.  Only  moderate  difficulties  are  en- 
countered in  objectives  of  25-mm  focal  length,  N.A.  0.17,  and  of  IG-mm 
focal  length,  N.A.  0.25.  Considerable  development  work  will  be  re- 
quired in  adapting  the  method  to  oil  immersion  objectives.  A  practical 
solution  may  very  well  utilize  the  multipupil  principle  (Osterberg, 
1948a)  and,  in  particular,  the  multipupil  system  described  by  Frangon 
(1950).     (See  also  Section  8.) 


M^^A 


Fig.  III. 15.  The  neutral  and  anti-neutral  quadrants.  A  denotes  the  transmission 
direction  of  the  analyzer.  Ei  and  E2  denote  the  positive  direction  of  vibration  of 
the  undeviated  and  deviated  waves  respectively  as  these  emerge  from  the  micoid 
disk.     The  neutral  quadrant  is  I  or  III.     The  anti-neutral  quadrant  is  II  or  IV. 


9.3.  Neutral  and  anti-neutral  quadrants  in  polanret  systems 

Polanret  sj'-stems  possess  an  important  and  advantageous  peculiarity 
in  that  the  phase  difference  between  the  undeviated  and  deviated  waves 
undergoes  a  sudden  jump  of  }/2  wavelength  as  the  transmission  direction 
of  the  analyzer  is  rotated  out  of  the  neutral  quadrant.  This  phenomenon 
will  be  explained  for  the  case  in  which  the  conjugate  and  complementary 
areas  are  polarized  at  right  angles. 

In  Fig.  III.  15  let  Ei  and  E2  be  the  positive  directions  of  the  electric 
vectors  as  they  emerge  from  the  conjugate  and  complementary  areas, 
respectively.  If  the  transmission  direction  .4  of  the  analyzer  lies 
between  Ei  and  E2  as  in  Fig.  III.  15.4,  the  projections  OM  and  ON  of  Ei 
and  E2  upon  A  point  along  the  A  direction.  In  other  words,  the  direc- 
tions of  the  electric  vectors  which  result  from  the  interaction  of  Ei  and 
£'2  with  the  analyzer  are  alike.     If  the  transmission  direction  A  of  the 
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analyzer  falls  outside  the  quadrant  between  Ei  and  E2,  as  in  Fig.  III.  15B, 
the  projections  OM  and  ON  upon  A  are  opposite  in  direction,  and  it  may 
be  said  that  the  directions  of  the  electric  vectors  resulting  from  the 
interaction  of  Ei  and  E2  with  the  analyzer  are  now  anti-parallel.  The 
effect  of  rotating  A  out  of  the  neutral  quadrant  between  Ei  and  E2  is 
therefore  to  produce  an  apparent  discontinuous  phase  change  of  3^  wave- 
length between  the  unde\'iated  and  deviated  waves  which  emerge  from 
the  conjugate  and  complementary  areas.  If  the  construction  of 
Fig.  III.  15  is  repeated  for  opposite  quadrants,  it  can  be  verified  that 
opposite  quadrants  are  equivalent.  Thus  the  neutral  quadrants 
are  I  and  III,  and  the  anti-neutral  quadrants  are  II  and  IV. 

It  is  helpful  to  indicate  the  neutral  quadrant  on  the  scale  of  the 
analyzer.  The  neutral  quadrant  can  be  determined  from  a  knowledge 
of  the  construction  of  the  optical  system,  but  it  is  usually  easier  to 
establish  the  location  of  the  neutral  quadrant  by  any  one  of  several 
simple  experimental  procedures.  First,  the  location  of  the  four  quad- 
rants can  be  ascertained  by  removing  the  eyepiece  and  by  rotating  the 
analyzer  to  the  angle  of  extinction  of  the  light  emerging  from  the 
conjugate  area.  Suppose,  for  example,  that  the  observer  has  a  slide 
containing  non-absorbing  particles,  the  optical  path  of  which  exceeds 
that  of  the  surround  by  a  small  fraction  of  a  wavelength.  It  is  known 
that  such  particles  appear  in  bright  contrast  with  a  TA+0.25X  diffrac- 
tion plate  and  in  dark  contrast  with  a  TA  — 0.25\  diffraction  plate.  Let 
the  polanret  system  be  of  the  type  described  in  Section  9.2  and  let  6  be 
set  at  4-45°  so  that  5  =  2^=  -^90°  or  +X/4.  When  the  microscope  is 
focused  on  the  particles,  these  particles  appear  brightest  when  the 
analyzer  is  rotated  in  the  neutral  quadrant  and  darkest  when  the 
analyzer  is  rotated  in  the  anti-neutral  quadrant.  As  a  check  for 
consistency,  the  experiment  should  be  repeated  with  6  selected  at  —45'^. 
The  particles  should  then  appear  brightest  or  darkest  according  as  the 
analyzer  is  rotated  in  the  anti-neutral  or  neutral  quadrants.  The  above 
procedure  is  applicable  e\^en  when  the  quarter-wa\'e  plate  has  been 
omitted  from  the  micoid  disk  and  when  a  fixed  phase  difference  of 
5  =  ±X/4  has  been  introduced  between  the  conjugate  and  comple- 
mentary areas  by  any  one  of  the  several  possible  methods.  When  the 
phase  difference  between  the  conjugate  and  complementary  areas  has 
been  fixed  at  zero  or  3^  wavelength,  a  suitable  object  specimen  is  a 
silvered  slide  containing  pinholes.  If  5  =  0  and  if  the  objective  is  well 
corrected  for  spherical  aberration,  the  center  of  the  Airy  disk  in  the 
sharply  focused  diffraction  image  of  a  small  pinhole  will  appear  brightest 
or  darkest  according  as  the  analyzer  is  rotated  in  the  neutral  or  anti- 
neutral  quadrant.     This  situation  is  reversed  when  8  =  X/2. 
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9.4.  Polanret  systems   having   conlinuously   variable  amplitude 
ratios 

Systems  of  variable  phase  microscopy  in  which  the  ampHtude  ratio  h 
is  variable  but  the  value  of  the  phase  difference  remains  fixed,  for 
example  8  =  X/4,  are  likely  to  become  important  because  of  their  utility 
and  feasibility.  Experience  has  shown  that  it  is  more  important  to  be 
able  to  vary  the  amplitude  ratio  than  the  phase  difference. 

One  class  of  systems  is  obtained  by  omitting  the  fiuarter-wave  plate 
from  the  micoid  disk  shown  in  Fig.  III.  14.  The  undeviated  and 
deviated  waves  which  emerge  from  the  conjugate  and  complementary 
areas  are  polarized  at  right  angles.  Consequently,  the  amplitude 
ratio  h  may  be  varied  by  rotating  the  analyzer.  If  the  zonal  polarizers 
of  the  micoid  disk  are  formed  of  polarizing  sheets,  the  iniiform  polarizer 
can  be  omitted.  This  polarizer  is  necessary,  however,  when  the  zonal 
polarizers  consist  of  two  left-  and  right-handed  elements  of  quartz 
which  rotate  the  plane  of  polarization  45°  or  when  the  zonal  polarizers 
consist  of  two  suitably  oriented  half-wave  retarding  plates.  The  fixed 
phase  difference  d  can  be  obtained  by  making  one  of  the  zonal  polarizers 
slightly  thicker  than  the  other  or  by  depositing  a  material  such  as 
magnesium  fluoride  upon  one  of  the  zonal  polarizers  or  upon  the  conju- 
gate or  complementary  area  of  one  of  the  plates  between  which  the  zonal 
polarizers  are  cemented. 

Suppose  that  8  =  +X/4  so  that  the  greater  optical  path  belongs  to  the 
conjugate  area.  If  the  analyzer  is  rotated  in  the  neutral  quadrant,  the 
equivalent  of  an  infinite,  continuous  series  of  !rA4-X/4  or  7'B  +  X/4 
diffraction  plates  is  obtained.  On  the  other  hand,  the  equivalent  of  a 
continuous  set  of  TA  — X/4  and  TB— X  4  diffraction  plates  is  obtained  by 
rotating  the  analyzer  in  the  anti-neutral  quadrant.  T  is  continuously 
variable  since  T  =  Ir  and  since  h  can  be  varied  practically  from  zero  to 
infinity.  The  limits  zero  and  infinity  will  not  be  reached  because 
perfectly  polarizing  materials  do  not  exist.  More  generally,  if  the  phase 
difference  between  the  undeviated  and  deviated  waves  is  8i  when  these 
waves  emerge  from  the  zonal  polarizers,  the  apparent  phase  difference 
between  them  is  5i  when  the  analyzer  is  rotated  in  the  neutral  quadrant 
and  is  6i  ±  X/  2  when  the  analyzer  is  rotated  in  the  anti-neutral  quadrant. 
The  values  5i  +  X/'2  and  5i  —  X/2  are  equivalent  in  the  practice  of  phase 
microscopy. 

A  method  belonging  to  this  class  of  polanret  systems  was  discovered 
independently  and  described  by  Taylor  (1947).  In  Taylor's  system  the 
zonal  polarizers  consist  of  left-  and  right-handed  elements  of  quartz 
which  rotate  the  plane  of  polarization  45°.  The  light  incident  upon  the 
zonal   polarizers  was  polarized  linearly.     A  fixed  phase  difference  of 
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5  =  X  4  was  introduced  at  the  conjugate  and  complementary  areas  by 
means  of  an  auxiliary  diffraction  plate.  Phase  differences  of  iXM  were 
thus  obtained  between  the  undeviated  and  deviated  waves  according  as 
the  analyzer  was  rotated  in  the  neutral  or  anti-neutral  quadrant.  It  is 
especially  noteworthy  that  Taylor's  objective  was  only  4  mm  in  focal 
length  and  produced  excellent  definition  and  contrast  as  demonstrated 
by  the  reproductions  of  his  photomicrographs  of  the  epithelial  cell. 

Kastler  and  Montarnal  (1948)  have  described  a  scheme  which  uses 
half-wave  retarding  plates  as  zonal  polarizers.  The  micoid  disk,  in 
Fig.  III.  14  was  constructed  of  two  half-wave  plates.  One  plate  covered 
the  conjugate  area.  The  second  plate  covered  the  complementary  area. 
The  optical  axis  in  the  conjugate  area  was  fixed  at  45°  with  respect  to  the 
optical  axis  in  the  complementary  area.  If,  in  such  a  system,  the  trans- 
mission direction  of  the  polarizer  is  parallel  to  the  optical  axis  in  the 
conjugate  area,  the  electric  vector  of  the  light  that  emerges  from  the 
conjugate  area  vibrates  along  the  direction  of  transmission  of  the 
polarizer  whereas  the  electric  vector  that  emerges  from  the  comple- 
mentary area  vibrates  at  right  angles  to  the  direction  of  transmission  of 
the  polarizer.  Therefore  the  amplitude  ratio  can  be  varied  by  rotating 
the  analyzer  in  either  the  neutral  or  the  anti-neutral  quadrant.  Variable 
amplitude  ratios  with  a  fixed  phase  difference  8  can  be  obtained  by 
depositing  dielectric  material  upon  the  conjugate  or  complementary 
area  or  by  choosing  two  half-wave  plates  with  different  optical  path. 
If  the  half-wave  plates  are  sheets  of  cellophane,  it  is  possible  to  obtain 
half- wave  plates  of  different  optical  thickness.  As  an  alternative, 
the  half-wave  plates  may  be  made  of  different  crystalline  materials,  and 
the  required  phase  difference  may  be  obtained  by  a  suitable  choice  of 
cement  for  retaining  the  half-wave  plates  between  protecting  plates  of 
glass. 

A  simple  method  of  adapting  the  half-wave  plate  has  been  described 
by  Locquin  (1948).  Locquin  omitted  the  half-wave  plate  over  the 
complementary  area  and  suggested  that  the  half-wave  plate  covering 
the  conjugate  area  be  cemented  between  glass  plates  with  a  cement  which 
produces  the  wanted  phase  difference.  If,  in  such  a  scheme,  the  trans- 
mission direction  of  the  polarizer  is  set  at  45°  with  respect  to  the  optical 
axis  of  the  half-wave  plate,  the  electric  vector  that  emerges  from  the 
complementary  area  vibrates  along  the  direction  of  transmission  of  the 
polarizer  whereas  the  electric  vector  that  emerges  from  the  conjugate 
area  vibrates  at  right  angles  to  the  direction  of  transmission  of  the 
polarizer.  The  amplitude  ratio  is  varied  by  rotating  the  analyzer  in  the 
neutral  or  anti-neutral  cjuadrant.  Locquin  emphasized  that  an  advan- 
tage gained  by  his  modification  of  the  half -wave  plate  arrangement  is  that 
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auxiliary  surfaces  in  the  path  of  deviated  rays  are  thus  avoided.  It  is 
pointed  out,  however,  that  in  the  usual  microscope  a  large  number  of 
surfaces  lie  in  the  path  of  the  undeviated  and  deviated  rays.  The 
optical  problem  of  polanret  microscopy  consists  primarily  of  selecting 
and  locating  polarizing,  analyzing,  and  retarding  elements  so  that  they 
produce  the  least  possible  injury  to  definition.  A  second  important 
problem  is  to  achieve  polanret  microscopy  in  spite  of  the  elliptical 
polarization  introduced  by  the  lenses.  An  important  advantage  of 
Locquin's  system  is  that  the  polarizer  need  not  be  rotated.  Conse- 
quently, the  polarizer  can  be  cemented  into  the  micoid  disk  which  con- 
tains the  half-wave  plate.  The  light  incident  upon  the  half-wave 
plate  is  then  linearly  polarized  in  spite  of  the  elliptical  polarization 
introduced  by  the  lenses.  The  polarizer  may  be  included  in  the  micoid 
disk  also  in  the  arrangements  proposed  by  Taylor  and  by  Kastler  and 
Montarnal. 

It  has  been  pointed  out  with  respect  to  the  method  by  Osterberg 
that  the  quarter-wave  plate  in  the  micoid  disk  may  be  omitted  together 
with  the  polarizer  when  only  variations  in  the  amplitude  ratio  are 
required.  So  doing  results  in  the  advantage  that  the  zonal  polarizers, 
if  made  of  polarizing  film,  polarize  the  conjugate  and  complementary 
areas  linearly  or  almost  linearly  for  a  relatively  wide  variation  of  the 
angle  of  incidence  of  the  rays  upon  the  micoid  disk  and  for  wide  varia- 
tions in  the  wavelength  of  the  incident  light.  These  are  important 
properties  of  polarizing  film  which  do  not  apply  to  the  birefringent 
properties  of  retarding  plates  or  to  the  rotatory  properties  of  a  quartz 
plate. 

In  another  class  of  polanret  systems  for  obtaining  variable  amplitude 
ratios  with  a  fixed  phase  difference  or  with  highly  restricted  variations 
in  the  phase  difference,  both  the  conjugate  and  the  complementary  area 
are  not  polarized  linearly.  A  unique  system  of  this  class  has  been 
described  briefly  by  Hartley  (1947).  In  Hartley's  method  the  micoid 
disk  in  Fig.  III.  14  consists  of  two  quarter-wave  birefringent  elements. 
One  of  these  covers  the  conjugate  area;  the  other  covers  the  complemen- 
tary area.  The  direction  of  vibration  of  the  fast  ray  in  the  conjugate 
area  is  fixed  at  45°  with  respect  to  the  direction  of  vibration  of  the  fast 
ray  in  the  complementary  area.  As  in  Fig.  III.  14,  a  substage  polarizer 
and  an  analyzer  complete  the  system.  Suppose  that  the  transmission 
direction  of  the  polarizer  is  made  parallel  to  the  direction  of  vibration 
of  the  fast  ray  in  the  conjugate  area.  Then  linearly  polarized  light 
emerges  from  the  conjugate  area  whereas  circularly  polarized  light 
emerges  from  the  complementary  area.  Rotation  of  the  analyzer  varies 
the  transmitted  component  of  the  undeviated  light  only  such  that  the 
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amplitude  ratio  h  falls  in  the  range  0  ^  ^  ^  1.0.  In  a  similar  manner, 
amplitude  ratios  in  the  range  1  ^  /i  ^  go  are  obtained  by  rotating  the 
analyzer  when  the  transmission  direction  of  the  polarizer  is  set  parallel 
to  the  direction  of  vibration  of  the  fast  ray  in  the  complementary  area. 
If  only  the  equivalent  of  A-type  or  B-type  diffraction  plates  is  wanted, 
it  is  advantageous  to  cement  the  polarizer  into  the  assembly  of  the 
micoid  disk. 

A  great  number  of  polanret  systems  are  possible,  and  several  systems 
have  already  been  suggested.  At  the  present  time,  polanret  systems 
capable  of  varying  both  the  amplitude  ratio  h  and  the  phase  difference  d 
can  be  successfully  included  in  the  standard  microscope  for  objectives  of 
relatively  long  focal  length  and  of  low  numerical  aperture.  Polanret 
systems  which  vary  the  amplitude  ratio  at  fixed  values  of  the  phase 
difference  present  a  less  difficult  optical  problem  and  can  be  extended  to 
objectives  of  shorter  focal  length  and  of  higher  numerical  aperture. 
Multipupil  systems  afford  an  additional  approach  for  introducing 
polanret  devices  into  the  microscope. 

9.5.  Application    of  Brewster's    angle    phenomenon    lo    variable 
transmission  phase  microscopy 

If  ordinary  light  is  incident  on  a  dielectric  so  that  the  angle  of  incidence 
is  equal  to  Brewster's  angle,  the  light  reflected  by  the  dielectric  is 
linearly  polarized.  A  fraction  of  only  that  component  of  the  incident 
light  which  is  vibrating  perpendicular  to  the  plane  of  incidence  is 
reflected.  Therefore,  if  linearly  polarized  light  is  incident  on  the 
dielectric  at  Brewster's  angle,  then  the  amount  of  light  reflected  by  the 
dielectric  can  be  varied  by  rotating  the  plane  of  vibration  of  the  incident 
light.  No  light  is  reflected  if  the  incident  polarized  light  vibrates 
parallel  to  the  plane  of  incidence,  and  the  amount  of  reflected  light  is 
maximum  when  the  incident  light  vibrates  perpendicular  to  the  plane  of 
incidence.  Frangon  and  Nomarski  (1950a  and  19506)  have  applied  this 
pi-inciple  to  vary  the  amount  of  light  passing  from  the  conjugate  area 
of  the  diffraction  plate  into  the  rest  of  the  microscope  system.  Linearly 
polarized  light  illuminates  the  specimen,  and  the  undeviated  light  is 
incident  on  the  conjugate  area  of  the  diffraction  plate  at  Brewster's 
angle.  Means  are  provided  to  rotate  the  plane  of  vibration  of  the  light 
falling  on  the  diffraction  plate  (for  example,  by  rotating  the  polarizer 
placed  in  the  light  beam).  The  diffraction  plate  designed  to  take 
advantage  of  this  polarization  phenomenon  may  reflect  the  light  that 
forms  the  phase  contrast  image  into  the  remainder  of  the  optical  system 
(Frangon  and  Nomarski,  19506),  or  it  may  be  a  transmission  diffraction 
plate  incorporated  into  Frangon's  hemispherical  multipupil  system  for 
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producing  a  phase  contrast   image    (Frangon  and  Nomarski,    1950a). 
(See  also  Section  8  for  a  description  of  Frangon's  phase  contrast  system.) 

9.6.  Variable  color-amplitude  phase  microscopy 

Barer  (1950)  has  suggested  a  modification  of  a  system  of  variable 
phase  microscopy  in  order  to  introduce  color  differences  between  the 
deviated  and  the  undeviated  light.  The  proposal  is  to  replace  the 
polarizer  or  analyzer  with  a  type  of  dichroic  filter  or  combination  of  such 
filters.  A  propert}^  of  such  a  dichroic  filter  is  that  the  spectral  trans- 
mission varies  with  the  plane  of  polarization  of  the  light  passing  through 
it.  For  example,  a  combination  of  filters  may  be  constructed  such  that 
if  a  polarizing  element  is  also  in  the  path  of  light,  a  band  of  wavelengths 
that  appears  green  is  transmitted  with  one  orientation  of  the  polarizer; 
but,  if  the  polarizer  is  rotated  90°,  the  band  of  wavelengths  appears  red. 
For  a  given  orientation  of  the  polarizer  with  respect  to  the  filter,  the 
color  of  the  transmitted  light  is  the  same  whether  the  light  is  incident 
first  on  the  polarizer  or  first  on  the  filter.  Therefore,  if  the  diffraction 
plate  contains  zonal  polarizers  made  of  polarizing  film  oriented  at  90° 
and  if  the  filter  described  in  the  example  is  placed  in  front  of  the  light 
source,  the  filter  can  be  adjusted  by  rotation  with  respect  to  the  zonal 
polarizers  so  that  the  light  emerging  from  the  conjugate  area  of  the 
diffraction  plate  is  red  and  the  light  emerging  from  the  complementary 
area  is  green.  A  rotation  of  the  filter  through  90°  causes  a  reversal  in 
color  between  the  two  bands  of  wavelengths  transmitted  through  the 
conjugate  and  complementary  areas.  The  formation  of  a  phase  con- 
trast image  depends  on  the  overlapping  of  wavelengths  within  the  two 
bands  of  color.  If  light  of  the  same  wavelength  is  present  in  the  bands 
emerging  from  the  conjugate  and  complementary  areas,  then  the  deviated 
and  the  undeviated  light  of  the  wavelength  interferes,  as  in  the  standard 
phase  microscope,  to  form  an  image  that  is  colored  (bright  contrast) 
or  black  (dark  contrast).  The  remainder  of  the  light  from  the  comple- 
mentary area,  composed  of  wavelengths  which  cannot  interfere  with 
light  from  the  conjugate  area,  superimposes  an  image  that  is  colored  and 
is  analogous  to  the  image  formed  with  darkfield  illumination.  The 
remainder  of  the  colored  light  from  the  conjugate  area  is  spread  over  the 
field  of  the  eyepiece.  Similarly,  if  such  a  combination  of  dichroic 
filters  replaces  the  analyzer  instead  of  the  polarizer,  the  polarized  light 
emerging  from  the  zonal  polarizers  is  incident  on  the  filter,  and  again 
rotation  of  the  filter  changes  the  composition  of  the  band  of  wavelengths 
transmitted  to  the  eyepiece  by  the  filter  from  the  conjugate  and  comple- 
mentary areas. 


CHAPTER    IV 


THE   TECHNICS   OF 
PHASE   MICROSCOPY 

The  phase  microscope  utilizes  absorption  and  optical  path  differences 
for  the  control  of  the  contrast  visible  in  the  image.  Increase  or  decrease 
of  contrast,  or  reversal  of  bright  and  dark  elements  with  increased  or 
decreased  contrast,  facilitates  the  work  of  the  microscopist.  Phase 
microscopy  is  most  valuable  for  specimens  too  transparent  for  effective 
examination  with  other  types  of  microscopy.  When  the  specimen  detail 
consists  of  small  differences  in  optical  path  due  to  variations  in  refractive 
index  and  thickness,  regions  of  absorption,  or  both,  the  phase  micro- 
scope should  be  used.  Such  specimens  may  be  unstained  living  cells 
and  tissues,  suspensions  and  emulsions,  glass,  plastics,  minerals,  poorly 
stained  or  slightly  pigmented  objects,  and  similar  materials.  The  phase 
microscope  is  used  also  in  the  orientation  and  preparation  of  specimens 
to  be  examined  with  the  electron  microscope. 

When  the  image  is  brighter  or  lighter  than  its  surround  (Fig.  IV. IC) 
it  is  described  by  the  term  bright  contrast;  dark  contrast  (Fig.  IV. ID) 
designates  a  specimen  darker  than  its  surround.  When  the  optical  path 
of  the  specimen  is  greater  than  that  of  its  surround  the  A+  diffraction 
plate  will  give  bright  contrast  and  the  A—  and  B—  diffraction  plates 
dark  contrast.  When  the  surround  has  the  greater  optical  path  the 
specimen  will  show  in  dark  contrast  with  the  A+  and  in  bright  con- 
trast with  the  A—  diffraction  plates.  The  contrast  can  be  determined 
by  focusing  in  the  same  direction  slowly  through  the  specimen.  When 
the  contrast  is  bright  above  the  specimen,  dark  when  in  exact  focus, 
and  then  bright  on  continued  focusing,  dark  contrast  is  being  observed. 
Likewise  when  the  focus  is  dark  as  the  specimen  is  approached,  bright 
at  exact  focus,  and  then  dark,  the  contrast  is  called  bright. 

Bright  contrast  is  preferred,  in  general,  for  counting,  for  the  study  of 
motion,  for  very  small  specimens,  for  stereophotomicrography,  and  with 
optical  staining.  Dark  contrast  is  preferred  for  measurement,  for 
specimens  to  be  compared  with  stained  material  from  other  methods, 
and  for  enhanced  contrast  with  absorbing  specimens.  When  appropriate 
the   B—    dark   contrast   is   useful   for   measurement.     The   Eberhard 
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effect  in  developing  increases  the  contrast  of  the  specimen  edge  and  halo 
with  dark  contrast  which  aids  measurement,  although  the  same  numeri- 
cal results  are  obtained  with  both  contrasts.  With  some  specimens  the 
same  detail  is  shown  with  both  contrasts  and  the  choice  becomes  purely 
a  matter  of  personal  preference.     Other  specimens  reveal  detail  with 


Fig.  IV. 1.     Glass  fragment  mounted  in  balsam,    150  X.      (Refractive  indices    1.52 
and    1.54.)     A,    brightfield.     B,    darktield.     C,    bright-contrast    phase.     D,    dark- 
contrast  (B  — )  phase.     E,  dark-contrast  (A  —  )  phase. 


one  contrast  that  is  not  seen  equally  well  with  the  other  contrasts,  and 
several  diffraction  plates  may  be  required  to  fully  comprehend  the  nature 
of  the  specimen  (Bennett  et  al.,  1946;  Oliver,  1948;  Richards,  1947c). 
Of  the  two  types  of  dark-contrast  diffraction  plates  the  B—  is  often 
better  with  slightly  absorbing  materials.  Lower  contrasts  (20%)  are 
better  with  larger  specimens  and  higher  contrast  (7%)  for  smaller 
specimens.  The  quarter-wave  retardation  is  frequently  most  useful, 
although  more  or  less  retardation  may  be  required. 

With  the  phase  microscope  the  best  focus  is  the  exact  focus,  in  con- 
trast to  the  necessity  in  brightfield  microscopy  of  defocusing  to  see 
specimens  of  low  contrast  (Linfoot,  1945).     Also,  the  phase  microscope 
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is  operated  at  full  aperture,  and  it  is  unnecessary  partially  to  close  the 
condenser  diaphragm  as  must  be  done  with  the  brightfield  microscope 
in  order  to  obtain  enough  edge  diffraction  to  see  such  a  specimen.  In 
practical  microscopy  no  decrease  in  resolution  is  noted  with  the  phase 
microscope,  and  spurious  images  are  less  likely  to  occur.  Examination 
of  diatoms  and  other  materials  has  confirmed  this  prediction.  Oettle 
(1950)  has  apparently  confused  halos  with  boundaries  of  cells. 

The  phase  microscope  has  proved  helpful  when  combined  with  other 
methods  of  microscopy.  Within  the  resolving  power  of  the  light  micro- 
scope, details  can  be  seen  in  replicas  which  aid  in  interpretation  and 
orientation  when  further  study  is  to  be  made  with  the  electron  micro- 
scope. Ludford  et  al.  (1948)  reported  that  the  phase  microscope  was 
useful  in  preparation  of  specimens  for  study  with  the  ultraviolet  micro- 
scope. Direct  ultraviolet  microscopy  is  possible  with  the  phase  micro- 
scope, as  demonstrated  by  Bennett  et  al.  (1948),  and  provides  the  ad- 
vantages of  greater  resolution.  The  results  will  depend  on  how  the 
specific  absorptions  at  specific  wavelengths  combine  with  the  optical 
path  differences  in  the  specimen.  Photographic  and  photoelectric  re- 
cording will  make  possible;,  quantitative  microspectrophotometry. 
Phase  microscopy  also  is  possible  with  long-wavelength  infrared,  and 
the  specific  absorptions  may  be  used  for  microchemical  analysis,  even 
with  specimens  such  as  dark  insect  exoskeleta,  red  corals,  and  minerals 
that  are  opaque  to  light.  Photoelectric  translation  is  possible  for  direct 
vision  with  a  1P25  tube,  as  demonstrated  by  Bailly  (1948),  as  with 
ordinary  and  polarization  microscopy. 

The  marked  clarity  of  image  with  great  detail  is  the  most  impressive 
aspect  of  the  phase  microscope.  Although  the  microscope  is  not  dif- 
ficult to  operate,  some  knowledge  and  experience  must  be  gained  before 
it  can  be  used  at  full  efficiency. 

1.  COMPARISON  OF  PHASE  MICROSCOPY  WITH  OTHER  METHODS 

When  absorption  is  adequate  and  reasonably  selective,  the  specimen 
may  be  examined  with  brightfield,  ultraviolet,  or  infrared  microscopes, 
depending  on  the  region  of  the  spectrum  absorbed.  When  absorption 
is  too  weak,  from  inadecjuate  staining  or  slight  pigmentation,  the  phase 
microscope  may  add  enough  contrast  to  permit  examination,  and  it  may 
also  reveal  fine  details  that  would  be  overlooked  with  brightfield  methods 
on  specimens  of  fairly  low  contrast. 

Transparent  specimens  with  internal  detail  due  to  differences  in 
optical  path  may  be  examined  with  optical  staining,  darkfield,  inter- 
ference, polarizing,  and  phase  microscopy.  When  the  optical  path  dif- 
ferences are  small,   the  phase  microscope  is  preferable.     With  larger 
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differences  in  optical  path  the  darkfield  and  idtramicroscope  are  pref- 
erable. A  fragment  of  glass  with  a  refractive  index  of  1.52  mounted 
in  balsam  with  an  index  of  about  1.54  is  shown  in  Fig.  lYA.  With 
brightfield  (A)  the  path  difference  is  so  small  that  the  fragment  is  nearly 
invisible  and  onl}'  the  reflections  from  the  longer  slanting  surfaces  are 
visible  with  darkfield  (B).  With  the  phase  microscope  considerable 
detail  is  seen  clearly  with  bright  (T),  B—  dark  (D),  and  A—  dark  (E) 
contrasts.  Note  the  difference  between  dark-contrast  phase  micros- 
copy {D,  E)  and  darkfield  (B)  microscopy;  these  methods  are  com- 
plementary, one  being  appropriate  when  the  other  is  not.  (3ptical 
staining  is  often  helpful  in  combination  with  phase  microscopy  (see 
Section  3.5).  An  annulus  of  greater  aperture  than  that  of  the  objective 
gives  fairly  good  darkfield  illumination  (16-mm  objective  and  4-  or 
1.8-mm  annulus)  for  comparison  and  is  helpful  for  locating  a  transparent 
specimen. 

The  phase  microscope  promises  to  be  more  useful  for  internal  speci- 
men detail,  and  interference  microscopy  for  the  study  of  variation  on 
the  surface  of  the  specimen.  Both  methods  are  too  recent  for  other 
than  broad  generalizations.  They  may  be  used  together  or  indiA'idually, 
depending  on  the  object  of  the  investigation  and  the  nature  of  the 
specimen. 

Anisotropic  materials  are  revealed  to  advantage  with  the  polarizing 
microscope.  Two  adjacent  colorless,  transparent,  isotropic  regions  of 
small  difference  in  path  can  be  discovered  only  with  the  phase  micro- 
scope. Materials  that  change  the  phase  relations  of  the  light  passing 
through  them  may  or  may  not  be  observed  to  advantage  with  the  aid  of 
polarized  light  in  the  phase  microscope,  as  will  be  shown  in  Section  I  of 
Chapter  \1.  Ultimately,  when  the  theory  of  phase  and  polarization 
microscopy  is  developed,  prediction  of  the  more  useful  method  will 
become  possible.     The  occasional  gains  justify  trying  the  combination. 

Rarely  is  a  specimen  found  for  which  one,  and  only  one,  microscope 
method  is  entirely  adequate.  Usually  the  image  formed  is  a  result  of 
the  different  properties  of  the  specimen  acting  together  on  the  radiant 
energy  used  for  probing  its  content,  and  each  method  of  microscopy 
will  reveal  additional  information.  The  ideal  microscope  should  be 
fitted  for  all  methods.  Since  this  is  not  practicable  at  the  present  time, 
the  appropriate  methods  must  be  chosen  with  respect  to  the  specimen 
and  the  objective  of  the  investigation  (Richards,  1950). 

2.  ILLUMINANTS 

The  most  useful  source  of  light  is  the  research  type  of  microscope 
illuminator  with  a  focusable  lens  system,   iris  diaphragm,   and  filter 


170  THE   TECHNICS   OF   PHASE   MICROSCOPY 

holder.  A  lamp  with  a  CC-13  coiled-coil  tungsten  filament  will,  when 
properly  focused,  normally  give  greater  and  more  uniform  illumination 
than  other  types  of  coiled  filaments,  and  a  100-watt  T-8  50-hour  pro- 
jection lamp  provides  brighter  illumination  than  a  200-hour  G-16.5  lamp 
or  a  ribbon  filament  lamp.  The  uniformity  of  illumination  of  the  rib- 
bon filament  offers  slightly  better  definition  although  it  is  less  bright. 

The  lamp  should  be  positioned  in  the  illuminator  by  adjusting  it,  or 
the  reflector,  until  the  reflected  images  of  the  coils  are  intermeshed  with 
the  direct  image  to  give  as  uniformly  illuminated  an  area  as  possible. 
This  adjustment  can  be  done  by  looking  at  the  filaments  directly  after 
removing  the  lens  system,  or  by  closing  the  lamp  iris  and  focusing  the 
filaments  on  a  nearby  wall,  or  other  convenient  surface.  (The  mirror 
is  usually  omitted  from  the  illuminator  with  a  ribbon  filament  lamp, 
making  this  step  unnecessary.)  With  both,  it  is  important  that  the 
filament  be  centered  to  the  lens. 

Direct  the  light  beam  from  the  illuminator  onto  the  center  of  the 
microscope  mirror.  (This  is  readily  accomplished  if  the  mirror  is 
turned  to  reflect  the  beam  on  the  lamp  iris.)  Turn  the  mirror  to  reflect 
the  light  into  the  microscope,  and  focus  the  lamp  so  that  its  filament  image 
is  in  focus  on  either  the  annulus  or  the  diaphragm  of  the  microscope 
condenser.  Focus  the  microscope  condenser  so  that  the  lamp  iris  is  in 
focus  with  the  specimen,  and  open  the  lamp  iris  to  illuminate  the  part 
of  the  field  to  be  studied.  If  the  light  is  too  bright  for  comfortable 
vision,  it  may  be  reduced  by  placing  neutral  density  filters  between  the 
lamp  and  the  microscope.  Since  most  glass  filters  are  not  quite  neutral, 
a  ground  glass  may  be  used  in  place  of  the  neutral  filter  to  reduce  the 
illumination,  and  this  is  permissible  for  non-critical  work.  For  the 
finest  detail  and  best  photomicrographs  a  ground  glass  should  be 
avoided.  Raising  the  microscope  condenser  slightly  will  diffuse  out  the 
pattern  of  the  ground  glass  without  unduly  reducing  the  uniformity  of 
illumination. 

Illuminators  consisting  of  a  lighted  surface  with  adequate  intensity 
for  comfortable  vision  may  be  used,  although  as  good  detail  and  contrast 
should  not  be  expected  as  from  the  illuminator  with  focusable  lens 
system.  Units  with  built-in  illumination  are  adjusted  according  to  in- 
structions of  the  manufactvu-er.  In  all  cases  the  field  and  aperture 
should  be  lighted  uniformly  and  the  image  of  the  condenser  annulus 
should  match  the  corresponding  part  of  the  diffraction  plate  with  no 
overlapping  or  leakage  of  light. 

Strictly  speaking,  a  diffraction  plate  has  a  given  retardation  only  for 
the  wavelength  of  radiation  for  which  it  is  designed.     A  quarter-wave 


ILLUMINANTS  171 

plate  for  the  546-mju  mercury  green  line,  for  example,  will  be  about  0.3  ju 
at  400  niju  and  0.2  ^t  at  700  m^,  and  for  greatest  contrast  monochro- 
matic light  should  be  used.  When  color  is  not  objectionable,  the  54G-mM 
line  may  be  isolated  with  a  Wratten  No.  62,  or  equivalent,  filter  from  a 
mercury  arc;  or  the  sodiiun  arc  may  provide  monochromatic  sources. 
For  visual  observation,  nearly  as  satisfactory  results  may  be  obtained 
with  an  Interference  Filter  with  a  tungsten  lamp  (preferably  one  at 
555  m/x,  the  peak  sensitivity  of  the  eye). 

In  actual  experience  the  contrast  is  related  to  the  absorption,  the 
retardation,  and  the  width  of  the  annulus  of  the  diffraction  plate  (cf. 
Sections  2-5  of  Chapter  III).  With  an  annulus  of  sufficient  width  to 
give  adequate  halftone  detail  in  a  properly  adjusted  objective  the  gain 
from  restricted  wavelength  is  not  so  great  as  might  be  expected,  and  the 
contrast  and  detail  in  the  image  do  not  vary  a  great  deal  with  the  use  of 
the  usual  medium  broad-band  photomicrographic  filters  such  as  com- 
binations of  the  Wratten  M  filters,  or  their  eciuivalents  of  other  manu- 
facture. Hence  this  is  not  a  promising  method  for  obtaining  variable 
phase.  The  result  is  partly  explained  by  the  decreased  sensitivity  of 
the  eye  to  wavelengths  on  either  side  of  the  yellow-green.  With  nar- 
rower annular  widths,  less  complete  correction  of  the  objective,  or  both, 
restricting  the  light  to  a  limited  wavelength  region  (such  as  green)  may 
be  desirable  when  such  color  limitation  does  not  interfere  with  successful 
observation.  A  more  efficient  filter  with  narrower  transmission  than 
that  of  the  Wratten  B  type  would  be  appropriate.  Phase  microscopy 
with  slightly  colored  specimens  or  when  color  contrast  is  added  to  den- 
siphase  contrast  precludes  the  use  of  color  filters.  No  filter  is  required 
by  some  makes  of  phase  eciuipment.  There  is  no  objection  to  any 
colored  light  that  is  pleasing  to  the  microscopist  and  that  does  not  de- 
limit observation.  Although  maximum  contrast  can  be  obtained  with 
suitable  monochromatic  light,  most  visual  phase  microscopy  can  be  done 
with  a  standard  microscope  lamp  and  a  daylight  type  of  filter  correct- 
ing the  light  to  a  color  temperature  of  about  4800°  K. 

For  some  applications  very  intense  sources  may  be  reciuired.  For 
example,  with  bright  contrast,  the  particle  may  be  too  small  for  the 
resolving  power  of  the  instrument,  and  its  discovery  will  depend  on 
having  an  illuminant  bright  enough  to  give  a  diffraction  pattern  illumina- 
tion great  enough  to  stimulate  the  eye  or  other  recording  medium. 
Photomicrographic  illumination  will  l)e  discussed  later  in  this  chapter. 

The  increased  detail  and  contrast  of  the  phase  microscope  require 
magnifications  of  about  1000  times  the  numerical  aperture  of  the  ob- 
jective for  full  visibility  with  the  average  eye,  and  greater  magnification 
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may  be  essential  for  some  specimens  when  the  ilUimination  is  good.  A 
15 X  or  IGX  ocular  is  recommended,  and  spectacle  wearers  will  find 
high  eyepoint  oculars  comfortable  and  efficient. 

.3.  GENERAL   PRINCIPLES   FOR   APPLIED   PHASE    MICROSCOPY 
3.1.  Preparation  methods 

Many  materials  may  be  examined  satisfactorily  in  water  or  in  the 
liquid  normally  accompanying  them.  Such  preparations  should  be 
quite  dilute  and,  when  the  oil  immersion  objective  is  to  be  used,  c^uite 
thin.  One  method  places  a  small  drop  at  the  center  of  the  slide  of  such 
size  that  it  will  spread  to  about  half  the  area  of  the  cover  glass.  A  little 
petrolatum  jelly,  about  eciual  in  size  to  the  shaft  of  a  common  pin,  is 
spread  along  the  four  edges  of  the  cover  slip.  The  cover  glass  is  inverted 
over  the  tiny  drop  and  pressed  into  good  contact  by  drawing  a  dissect- 
ing needle  or  other  smooth  small  point  around  the  periphery  of  the 
glass.  This  seals  the  preparation  against  evaporation  and  prevents  its 
being  dislodged  when  the  preparation  is  moved  during  study.  A  less 
viscous  immersion  oil  is  preferable  between  the  cover  glass  and  the  ob- 
jective. By  pressing  the  cover  carefully  into  the  sealing  material  the 
movmt  may  be  made  as  thin  as  desirable.  Convection  currents  and 
motion  are  greatly  restricted  in  such  a  thin  preparation.  White 
petrolatum  jelly  may  be  acid  from  bleaching,  and  fluids  containing 
living  material  should  not  come  in  contact  with  it.  When  petrolatum 
jelly  is  not  a\'ailable,  paraffin  oil  or  Crown  immersion  oil  may  be  used 
to  seal  a  temporary  preparation.  A  useful  mount  is  the  Rotocompressor 
of  Wicterman  (1940),  especially  an  improved  type  with  lower  metal 
sides.  Cover  glasses  0.18  mm  thick  are  essential  for  best  results,  as 
objectives  are  corrected  to  this  standard.  Other  thicknesses  decrease 
contrast,  owing  to  added  spherical  aberration. 

Hollow-ground  cells  and  hanging  drop  mounts  act  also  as  lenses  which 
prevent  focusing  the  image  of  the  annulus  on  the  diffraction  plate  and 
are  not  suitable  for  phase  microscopy.  Hanging  a  small  piece  of  cover 
glass  on  the  hanging  drop  will  often  flatten  it  enough  to  make  examina- 
tion possible.  Flat-bottomed  depression  slides  are  acceptable  when  the 
surface  is  good  enough  optically  not  to  interfere  with  focusing  the 
annulus  image  on  the  diffraction  plate.  If  any  wedge  is  present  it  will 
change  the  centration  of  the  annulus  as  the  preparation  is  moved  during 
examination,  and  constant  recentering  with  the  aid  of  the  telescope 
will  be  necessary  to  avoid  loss  of  contrast.  When  the  wedge  effect  is 
marked,  it  may  be  compensated  for  by  placing  a  weak  prism,  such  as 
a  2-  to  5-A  spectacle  lens,  over  the  condenser. 
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The  standard  phase  microscope  condenser  is  made  for  normal  micro- 
scope shdes  1.15  to  1.25  mm  thick.  Very  thin  slides  may  cause  the  oil 
contact  to  break  between  the  slide  and  the  condenser  when  the  con- 
denser is  properly  focused.  This  may  be  avoided  by  applying  a  more 
viscous  immersion  oil  (e.g.,  Shillaber's  Heavy)  or  by  oiling  a  piece  of 
cover  glass  to  the  top  of  the  condenser. 

For  examination  of  thicker  mounts  two  alternatives  are  possible. 
About  3  mm  of  the  top  lens  of  the  condenser  may  be  removed  to  allow 
the  use  of  preparations  up  to  that  much  thicker.  For  deeper  mounts 
the  top  lens  is  removed  from  the  condenser  and  an  annulus  for  long  focus 
is  used.  With  a  l(3-mm  objective  a  condenser  working  distance  of 
about  18  mm  is  possible,  and  Carrel  and  roller  tubes  can  be  examined. 
Only  the  region  of  the  top  of  the  roller  tube  can  be  studied,  as  the 
curvature  of  the  tube  elsewhere  prevents  proper  adjustment  of  the 
phase  system.  For  4-mm  objectives  the  top  lens  of  the  condenser  is 
replaced  with  that  from  a  N.A.  0.66  condenser.  The  working  distance 
is  somewhat  less  at  these  magnifications.  With  such  systems,  frequent 
checking  with  the  telescope  is  necessary  to  make  sure  that  the  annulus 
and  the  diffraction  plate  are  concentric  in  order  to  obtain  efficient  phase 
microscopy.  Moving  the  preparation  usually  necessitates  recentering 
of  the  phase  system.  The  above  description  applies  to  the  Spencer 
equipment.  A  long-focus  condenser  with  different  lenses  and  annuli 
for  longer  working  distances  is  also  available  from  Bausch  and  Lomb 
Optical  Co. 

It  is  essential  that  the  proper  combination  of  annulus  and  objective 
be  used,  which  is  readily  determined  by  noting  whether  thejmage  of 
the  annulus  and  diffraction  plate  superimpose  when  examined  with  the 
telescope.  When  the  specimen  is  too  dense,  it  may  be  mo^'ed  to  one 
side,  and  the  checking  done.  A  wedge  effect  will  lessen  the  effectiveness 
of  this  substitute  procedure,  but  adjustment  may  be  made  until  the 
contrast  is  optimal  as  the  specimen  is  watched.  For  best  results  the 
lamp  iris  should  be  focused  with  the  microscope  condenser  onto  the 
specimen  before  the  annulus  is  matched  with  the  diffraction  plate. 

Specimens  of  li\-ing  matter  should  be  mounted  in  appropriate  physio- 
logical isotonic  media,  such  as  Ringer's  or  Locke's  solution,  to  avoid 
distortion.  Dalton  et  al.  (1949)  recommend  cold  0.88  M  sucrose, 
especially  when  the  material  will  be  examined  later  with  the  electron 
microscope.  Albertini  (1948)  proposes  the  following  solution,  which  he 
calls  Tyrofusine  KA,  for  histological  and  neoplastic  cells:  Na3P04  0.05 
gram,  NaHCOs  5  grams,  NaCl  85  grams,  KCl,  4.2  grams,  CaCl2  2.5 
grams,  MgCl2  0.05  gram,  pure  glucose  10  grams,  HOH  to  10  liters. 
This  is  sterilized  for  1  hour  with  steam  on  successive  days. 
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The  thickness  of  specimen  examinable  with  the  phase  microscope 
depends  on  its  transparency  and  optical  density.  Dense  tissues  or 
materials  up  to  about  4  ^  thick  may  be  seen,  and  less  dense  ones  with 
thickness  of  100  m  or  more  may  be  studied.  Transparent izing  an  op- 
tically dense  material  may  make  examination  possible  (see  Section  3.2). 
Larger  specimens  may  be  prepared  for  examination  by  the  usual  means 
of  crushing,  teasing,  sedimentation,  etc.  Embedding  and  sectioning 
with  a  microtome  is  possible  with  many  materials  (Richards,  1949a). 
Frozen  sections  of  tissues  that  are  not  thin  enough  for  profitable  examina- 
tion may  be  further  thinned  by  being  squeezed  under  a  cover  glass  or 
between  two  slides. 

Smears  of  tissues  or  fluids  make  useful  preparations.  The  smear 
should  be  thin  and  even.  The  usual  technic  for  blood  smears  can  be 
applied  to  other  fluid  specimens.  The  drop  of  material  is  placed  near 
one  end  of  a  slide  and  is  spread  by  touching  it  with  another  slide  and 
letting  it  follow  the  movement  of  the  spreader  slide.  Colloids  and 
emulsions  may  be  so  treated,  although  dilution  with  a  suitable  fluid  may 
be  required.  Touching  the  cut  surface  of  an  organ  to  a  drop  of  fluid 
usually  dislodges  enough  cells  for  study.  A  wet  preparation  should 
stand  long  enough  for  the  solid  components  to  settle  out  flat  on  the 
surface  of  the  slide  before  examination.  Flotation  with  albumin  solu- 
tions has  been  used  by  Fawcett  et  al.  (1950)  for  the  separation  of 
malignant  cells  from  body  fluids,  and  this  method  could  be  extended  to 
other  materials. 

Opaque  materials  of  high  reflectivity  may  be  polished  and  examined 
with  the  phase  vertical  illuminator  (Section  8  of  Chapter  VI).  Other 
opaque  materials  may  be  studied  by  making  a  replica  of  the  surface 
and  examining  the  replica.  Cellulose  acetate  may  be  softened  with  a 
solvent  and  held  against  a  metal  surface  until  it  hardens,  as  was  done 
with  a  piston  ring  (Fig.  IV. 2).  Thinner  replicas  such  as  those  used 
with  the  electron  microscope  may  be  examined  as  made  or  after  shadow- 
casting.  (Barnes  et  al.,  1945;  Hershman,  1945;  Scott  and  Wyckoff, 
1949;  and  Wyckoff,  1947,  describe  methods.)  Further  discussion  may 
be  found  in  Section  8  of  Chapter  V  and  Section  8  of  Chapter  VI.  Bright 
contrast  (Fig.  IV.3C)  reveals  the  surface  detail  as  contour  lines.  Rep- 
licas mounted  on  the  200-mesh  screens  can  be  seen  only  with  difficulty 
with  the  phase  microscope,  because  of  the  light  reflected  from  the  wires 
of  the  screen.  A  screen  of  flattened,  oxidized  or  darker  wire  would  be 
better  when  examination  with  both  phase  and  electron  microscopes  is 
contemplated.  With  the  4-mm  objective  a  cover  glass  should  be  placed 
over  the  preparation  or  the  objective  should  be  corrected  for  use  without 
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a  cover  glass.     A  cover  glass  will  give  clearer  results  with  a  regular  8-mm 
objective. 

Since  concentration  gradients  differ  in  refractive  index,  they  may  be 
seen  with  the  phase  microscope  (Section  3.2).     Other  technics  that  may 
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Fig.  IV.2.     Replica  of  piston  ring  surface,  150 X.     vl,  brightfield.     jB,  dark-contrast 

phase.     C,  bright-contrast  phase. 


Fig.  IV.3.     Chromium  shadowcast  silica  repUca  of  martensitic  steel,  230  X.     A, 
brightfield.     B,  dark-contrast  phase.     C,  bright-contrast  phase. 


be  helpful  in  the  examination  of  materials  with  the  phase  microscope 
are:  differential  swelling  (such  as  cellulosics  with  cuprammonium), 
stepwise  dehydration  with  isopropyl  or  higher  alcohols,  incomplete 
salting  out,  and  isothermal  distillation.  Reactions  in  capillary  tubes 
may  be  watched  if  the  tube  is  immersed  in  a  drop  of  fluid  of  the  same 
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refractive  index  as  the  wall  of  the  capillary  and  flattened  by  a  cover 
glass  on  the  surface  of  the  immersion  medium.  These  methods  are 
helpful  when  it  is  necessary  to  determine  whether  a  local  difference  in 
a  specimen  is  due  to  a  difference  in  thickness  or  in  index  (see  Section 
3.2). 

Most  of  the  mountants  for  permanent  preparations  have  survived 
over  a  long  period  of  years  because  they  were  good  for  stained  prepara- 
tions. Others  have  been  devised  to  give  large  differences  in  index,  as 
was  necessary  with  brightfield  methods  (e.g.,  Hyrax  for  diatoms). 
Many  of  these  are  less  applicable  to  phase  microscopy,  and  we  may 
expect  discovery  of  a  new  series  of  materials,  especially  from  the  re- 
cently made  plastic  and  synthetic  materials.  Glycerin  jelly  mounts  are 
better  with  many  biological  materials  for  phase  microscopy  than  balsam 
or  damar.  Tanning  the  exposed  edges  with  bichromate  solution  and 
sealing  with  Gold  Size  or  synthetic  varnish  will  preserve  such  prepara- 
tions for  several  years.     (See  Table  IV.  IC) 

3.2.  Transparent  specimens 

Transparent  specimens  may  be  composed  of  regions  differing  from 
each  other  in  size  or  in  index  of  refraction;  these  regions  can  be  ex- 
amined with  the  phase  microscope  when  they  are  above  a  minimum  size 
(see  Section  18  of  Chapter  II).  The  present  discussion  is  confined  to 
nearly  colorless  specimens.  Lightly  colored  specimens  will  be  con- 
sidered later. 

Since  the  optical  path  is  the  product  of  the  thickness  of  the  object 
and  its  refractive  index,  it  is  possible  for  regions  of  different  size  to 
have  the  same  optical  path.  For  example,  one  region  of  given  thick- 
ness and  index  can  have  the  same  path  as  another  of  half  the  thickness 
and  twice  the  refractive  index.  For  these  objects  the  phase  microscope 
will  show  no  difference  unless  appropriate  changes  are  made  in  thickness 
or  in  mounting  medium,  or  unless  other  treatment  is  applied  that  will 
affect  one  component  more  than  the  other.  Fortunately  such  regions 
are  not  commonly  adjacent  in  many  properly  prepared  specimens. 
Nevertheless  this  possibility  of  misinterpretation  should  always  be  kept 
in  mind. 

The  optical  path  differences  of  transparent  specimens  are  shown  in 
the  phase  microscope  by  shades  of  brightness  or  darkness.  The  greater 
the  difference,  within  the  limits  of  the  method,  the  greater  will  be  the 
contrast  in  the  image.  If  the  refractive  index  of  the  mounting  medium 
is  greater  than  that  of  the  specimen,  the  specimen  will  appear  dark  with 
an  A+  and  l)right  with  an  A—  diffraction  plate,  and  vice  versa  when 
the  refractive  index  of  the  mounting  medium  is  less  than  that  of  the 
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specimen.  When  the  refractive  index  and  dispersion  of  the  specimen 
and  the  mounting  medium  match,  the  specimen  becomes  invisible. 
Hejice,  if  media  of  known  index  are  available,  the  index  of  the  specimen 
can  be  determined.  In  fact,  the  usual  Becke  line  method  is  more 
sensitive  when  used  with  the  phase  microscope.  Should  this  type  of 
investigation  be  followed  to  the  exclusion  of  other  work,  it  would  be 
desirable  to  have  a  narrow  diffraction  plate  and  corresponding  annulus 
so  that  the  observed  contrast  will  be  harsh,  thereby  further  increasing 
the  sensitivity  of  the  method.  As  halftone  detail  would  no  longer 
appear,  such  a  phase  system  would  not  be  useful  for  general  microscopy. 

As  one  focuses  a  little  above  or  below  the  specimen  a  bright  line  is 
seen  to  move  along  the  edges  of  the  specimen.  This  Becke  line  moves 
into  the  region  of  greater  refractive  index  as  the  microscope  is  focused 
upward  and  into  the  region  of  lower  index  as  the  microscope  is  focused 
downward.  It  aids  in  determining  refractive  index  and  interpreting 
optical  path  differences. 

When  the  mounting  medium  has  no  adverse  effect  on  the  specimen 
and  a  range  of  refracti^'e  indices  is  available,  the  contrast  can  be  varied 
by  changing  the  medium  until  visibility  is  optimal  for  the  specimen 
under  observation  (Table  IV. 1,  Fig.  V.7). 

It  is  possible  to  make  one  or  more  components  of  a  mixture  invisible 
while  intensifying  the  appearance  of  another  component  under  observa- 
tion. Differences  in  refractive  index  of  0.05  or  less  are  useful.  Com- 
bined with  dispersion  staining  (Section  3.5),  all  the  advantages  of 
ordinary  differential  staining  become  possible  for  transparent  specimens 
with  the  phase  microscope,  without  staining  or  damaging  the  specimen. 
This  may  be  important  when  only  microscopic  amounts  of  material  are 
available  and  the  identification  must  be  made  without  altering  the 
specimen. 

Table  IV.l 

Media  for  mounting  specimens  for  microscopical  examination 


A.  Liquids 

Water 

Tyrode's  solution 

Glycerin  and  water  (equal  parts) 

Perfluoro  lube  oil  (du  Pont) 

Silicone  oil  No.  9996-100 

Methyl  cellosolve 

Dioxan 

Chamomile  oil 

Glycerin 

Corn  syrup  (Karo) 


°c 

no 

20 

1.333 

1.335 

,  , 

I.-IO 

,  , 

1.335 

•  • 

1.403 

•  • 

1.403 

20 

1.422 

■  • 

1.447 

•  « 

1.46± 

•  • 

1.47± 

Reference 


Thorell  (1947) 

Blout  and  Mellors  (1949) 


'^CAl 


lUJ 
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Table  IV. 1 — Continued 


Benzene,  xylene,  paraffin  oil 

149 

Anisole 

20 

1517 

Duijn  (1948) 

Methyl  benzoate 

20 

1.526 

Duijn  (1948) 

Methyl  salicylate 

20 

1.536 

Duijn  (1948) 

Ethvl  bromide 

20 

1.538 

Nitrolicnzene 

20 

1.553 

Bromol)enzene 

20 

1.56 

Anethole 

, , 

1.561 

Haberman  (194 

Monobromonaphthalene 

. . 

1.66 

Methyl  iodide 

1.76 

B.  Mixtures  recommended  for  a  series  of  indices 

no 

Aq.  dest.  and  glycerin  1.33-1.44 

Tributyl     phosphate     and     triortho- 

cresyl  phosphate 
Paraffin  oil  with  Arochlor  dissloved 

in  it 
Paraffin  oil  and  a-l)romonaphthalene 
a-Methylstyrene  and  castor  oil 
Camphor  dissolved  in  Santol 


Reference 


1.423-1.556       Groat  (1941) 


1.49-1.63 
1.49-1.62 


Diethylene   glycol    monobutyl   ether 

and  cinnemaldehyde 
Diethylene    glycol    monobutyl    ether 

and  a-chloronaphthalene 
Diethylene    glycol    monobutyl    ether 

and  Halowax  oil 
a-Bromonaphthalene    and    Halowax 

oil 
a-Bromonaphthalene  and  methylene 

iodide 
a-Bromonaphthalene    and    a-chloro- 

naphthalene 
Methyl  iodide  and  a-chloronaphtha- 

lene 
a-Bromonaphthalene     and     heptylic 

acid 
Mesitylene  and  ethyl  propionate 
n-Butylphthalate    and    ethyl    propi- 
onate 
*  Not  recommended  for  tissues. 


1.44-1.62 
1.440-1.628 
1.44-1.63 
1.44-1.63 
1.66-1.70* 
1.632-1.656 


1.4234-1.6582 
1.3841-1.4981 


McCartney  (1944) 
Bull.  Fr.  Micr.  Soc.  (1939, 
8:  34) 

Crossmon  (1948-1949) 

Crossmon  (1948-1949) 

Crossmon  (1948-1949) 

Crossmon  (1948-1949) 

Cros.smon  (1948-1949) 

Crossmon  (1948-1949) 

Crossmon  (1948-1949) 

Kunz  and  Spulnik  (1937) 
Kunz  and  Spulnik  (1937) 


1.3841-1.4932     Kunz  and  Spulnik  (1937) 


C.  Solid  permanent  and  semipermanent  media 


nj) 


Reference 


Glycerin  jelly 

Vinylite  from  butyl  alcohol 

Haitinger's  medium 


1.47* 

1.47 

1.44  on  drying  to  1.52 
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Table  IV. 1 — Continued 


Isobutylmethacrylate 
Diaphane,  Euparal 

Polyvinyl  alcohol 
Camsal 

Lucite 

Siloxane  silicone  DC804 

Daniar 

Balsam 

Clarite 

Styrax 

Bakelite 

Arochlor 

Hyrax 

Naphthrax 

Balsam  of  Tolu 

Realgar 


1.477 

O'Brien  and  Hance  (1940) 

1.48-1.53 

Coulston  (1941)  Garnett 

(1945) 

1.49-1.53 

Downs  (1943) 

1.48 

Bull.  Fr.  Micr.  Soc.  (1939, 

8:  134) 

1.50 

1.515 

Spence  (1948) 

1.52  ± 

1.53-1.54± 

1.544 

1.57-1.63 

Spence  (1941) 

1.58-1.63 

1.63-1.65 

1.63-1.75 

1.65-1.8 

Fleming  (1943) 

1.52 1 

Spence  (1941) 

2.5-2.6 

White  Karo  corn  syrup  5  cc,  Certo  5  cc,  water  3  cc.     Monk  (1938). 

Fructose  syrup   (1.43):    30  grams  fructose  (levulose)  dissolved  with  gentle  heat 

in  20  cc  water. 
Apathy  medium   (1.42-1.52):    pure  gum  arable  50  grams,  i^ure  cane  sucrose  50 

grams,   water  50  cc,   thymol  0.05  gram.     Pantin  (1946).     Lillie   (1948)  uses 

instead  100  cc  water  and  states  that  Highman  adds  50  grams  potassium  acetate 

or  10  grams  .sodium  chloride. 
Dihutyl  phthalate  5  cc,  xylene  35  cc,  polystyrene  10  grams. 
Isobutyl  methacrylate  polymer  and  Arochlor  can  be  dissolved  in  xylene  to  give 

media  after  hardening  from  1.495  to  1.525.     Bradfoot  and  Schwartz  (1948). 
Wright's  medium:    equal  parts  of  phenol  and  camphor  to  which  is  added  twice 

its  volume  of  thin  gum  sandarac  in  isobutyl  alcohol.     Kenohan  (1928). 
Polyvinyl  alcohol  2  grams,  70%  acetone  7  ml,  glycerin  5  ml,  lactic  acid  5  ml, 

water  10  ml.     Acetone  is  slowly  added  to  the  resin  and  the  liquids  combined  and 

stirred  in  drop  by  drop.     Heat  till  clear  (1.382).     Gray  and  Wess  (1950). 
C-M  medium   (1.428):     methyl  cellulose  5  grams,  Carbowax  4000  2  grams,  di- 

ethylene  glycol  1  ml,  95%  EtOH  25  ml,  lactic  acid  100  ml,  dist.  water  75  ml. 

Methocel  and  EtOH  mixed  and  added  to  the  rest  of  the  medium.     Place  in 

oven  for  3-5  days  until  consistency  is  right.     Clark  and  Morishita  (1950). 
Polyvinyl  lactophenol:    56%  by  volume  polyvinyl  alcohol  stock  solution,  phenol 

22%,  lactic  acid  22%.     Downs  (1943). 
Lillie  (1950)  describes  a  number  of  media,  and  Greco  (1950)  has  published  a  table 

of  refractive  indices  of  the  solutions  of  solid  media. 


*  Can  be  modified  to  1.41  and  1.75.     Wotton  and  Zwemer  (1935). 

t  with  a-bromonaphthalene  1.73. 

Notes:  Values  without  references  are  from  general  sources.  The  indices  will  vary 
with  temperature  and  the  extent  of  evaporation  of  any  solvent  from  the  mixture. 
For  accurate  work  the  refractive  index  should  be  measured.  These  materials  have 
been  used  in  microscopy  and  are  offered  as  suggestions  for  the  microscopist. 
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Several  series  of  liciuids  of  ^'arying  refracti^'e  index  are  available  com- 
mercially or  may  be  made  from  directions  given  in  the  literature.  They 
should  not  dissolve  or  alter  the  specimen,  should  be  colorless  or  nearly  so, 
and  should  ha^■e  low  vapor  pressures  so  as  not  to  change  with  age. 
Some  useful  materials  are  listed  in  Table  lYA.  However,  a  change  in 
temperature  will  usually  change  the  refractive  index,  and  it  is  desirable 
to  keep  temperature  records  to  0.1°  C  along  with  the  observations. 
Solutions  of  a  desired  index  may  be  made  by  mixing  suitable  mate- 
rials according  to  the  formula  V^Nj:  =  FiA^i  +  12-^2,  where  Vj;  is  the 
volume,  N:c  is  the  index  desired,  and  the  right-hand  terms  are  the  vol- 
umes and  indices  of  the  materials  to  be  mixed.  Such  mixtures  will  not 
be  overly  accurate.  To  determine  the  exact  refractive  index  it  should 
be  measured  on  a  refractometer,  or  if  solids  of  known  index  are  available 
they  may  be  put  in  the  liquid  and  its  index  discovered  (Chamot  and 
Mason,  1939).  Micro  methods  for  determining  refractive  index  have 
been  proposed  by  Kirk  and  Gibson  (1939),  Alber  and  Bryant  (1940), 
and  Jelley  (1949).  Groat  (1941)  recommends  tissue  sections  of  50-^ 
thickness  for  the  determination  of  their  refractive  index.  When  the 
material  is  sectioned  in  paraffin  the  latter  should  be  removed  with 
xylene  and  several  rinses  made  with  the  test  liquid  to  remove  the 
xylene  before  the  index  of  the  tissue  is  measured. 

Most  of  the  standard  index  series  are  oils  or  oily  liquids.  Therefore 
many  materials  must  be  dehydrated  before  their  index  may  be  measured. 
The  dehydrated  specimen  often  has  a  different  index  owing  to  concentra- 
tion, or  possibly  to  loss  of  materials  extracted  by  the  solvent,  or  to 
other  chemical  action  occurring  during  the  dehydrating  process. 

Three  factors  should  be  considered  in  choosing  a  mounting  medium, 
assuming  that  it  otherwise  has  no  adverse  effect  on  the  specimen:  (1) 
If  color  effects  are  to  be  avoided  the  medium  should  have  about  the 
same  dispersion  as  the  specimen;  if  optical  dispersion  staining  is  desired 
then  the  dispersions  should  have  optimal  relations  to  each  other  (Section 
3.5).  (2)  Some  materials  make  specimens  appear  more  transparent 
than  do  others,  even  though  the  optical  path  differences  are  the  same 
(e.g.,  tissues  cleared  in  organic  phosphates  rather  than  in  paraffin  base 
liquids),  and  this  difference  may  be  important  in  examination  with  the 
microscope  (Downs,  1943).  (3)  Other  chemicals  transparentize  a  speci- 
men (as  in  making  parchment)  or  have  an  effect,  like  that  of  phthalates, 
on  paper  and  some  fabrics.  Dibutylphthalate  is  often  so  used  in 
microscopy. 

These  well-known  methods  for  microscopy  are  especially  important 
for  phase  microscopy  in  which  smaller  path  and  intensity  differences 
are  clearly  visible. 
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When  the  specimen  is  incompatil:)le  with  or  would  be  damaged  by 
oily  materials,  it  is  necessary  to  devise  aqueous  or  other  mixtures. 
Some  of  these  will  be  described  under  special  applications  of  phase 
microscopy.  For  living  materials  the  possibilities  are  more  limited  in 
that  mountants  must  be  non-toxic  and  not  alter  the  specimen  by 
osmotic  or  other  effects.  Some  change  in  refractive  index  may  be 
obtained  by  dissolving  proteins  or  other  materials  of  such  large  mole- 
cules that  they  are  inactive  osmotically  in  the  mountant.  Fortunately, 
small  differences  are  more  valuable  in  phase  microscopy,  and  it  may  be 
possible  to  obtain  differences  in  refractive  index  without  damage  to  the 
specimen;  e.g.,  change  in  index  of  blood  serum  is  0.00013  per  degree 
C  (du  Noiiy,  1929,  1933).  Polyvinyl  alcohol,  methyl  cellulose,  gelatin, 
cooked  starch,  plastics,  and  other  materials  are  possible  mounting  media 
in  which  the  concentration  can  be  varied  to  produce  differences  in  re- 
fractive index. 

Inhomogeneous  specimens  may  be  examined  in  several  different  media 
to  obtain  the  l)est  picture  of  each  component.  Moimting  small  known 
materials,  microscopic  glass  spheres,  threads,  etc.,  with  the  specimen 
may  make  estimation  of  the  path  differences  possible  by  direct  observa- 
tion or  by  photometering  as  suggested  by  Martin  (19-47).  When  vari- 
able phase  becomes  available  it  will  be  possible  to  investigate  local 
gradients  in  specimens. 

Aqueous  and  other  mounting  fluids  change  in  refractive  index  with 
changes  in  temperature;  the  use  of  a  warm  stage  with  them  provides 
small  changes  that  are  helpful  in  observing  small  details. 

Establishing  concentration  gradients  by  flowing  a  more  or  less  con- 
centrated media  under  the  cover  glass  brings  out  differences  in  some 
specimens.  This  is  readily  done  by  placing  the  drop  in  contact  with 
one  side  of  the  cover  glass  and  a  piece  of  dry  filter  paper  against  the 
opposite  side.  Small  changes  in  refractive  index  from  slight  differences 
in  concentration  are  visible  as  a  form  of  microschlieren. 

3.3.   Emulsions  and  suspensions 

Suspensions  of  opaque  pigments  or  strongly  colored  materials  are  seen 
to  advantage  with  the  brightfield  microscope,  but  when  they  are  colorless 
or  relatively  transparent  they  may  be  seen  with  the  phase  microscope 
even  though  invisible  with  other  methods.  Suspensions  and  emulsions 
may  be  prepared  as  wet  mounts  (diluting  when  necessary)  or  as  dry 
smears.  When  a  dry  smear  is  to  be  examined  a  standard  cover  glass, 
0.18  mm  thick,  should  be  placed  over  it;  otherwise  the  spherical  aber- 
ration introduced  will  degrade  the  image  unduly.  If  uncovered  prepara- 
tions are  to  be  routine,  objectives  corrected  for  use  without  a  cover 
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glass  are  available.  A  cover  glass  can  be  anchored  with  a  bit  of  Scotch 
tape  when  the  oil  immersion  objective  is  to  be  used.  Since  the  air 
between  the  specimen  and  the  cover  glass  reduces  the  numerical  aperture 
to  about  0.9  there  is  little  gain  with  an  immersion  objective  at  such 
decreased  resolution. 

These  tiny  specimens  exhibit  Brownian  motion  which  interferes  with 
clear  observation.  When  the  choice  of  surrounding  medium  is  not 
important,  a  more  viscous  mounting  medium  may  be  helpful.  When 
measurements  are  required,  it  is  usually  necessary  to  take  a  photo- 
micrograph at  a  speed  that  will  give  a  sharp  picture  and  then  measure 
the  photomicrograph  (see  Section  3.6). 

When  the  refractive  indices  of  a  two-phase  system  are  known,  it  is 
possible  to  identify  the  inner  and  outer  phases.  Particles  of  several 
sizes  are  examined  with  an  A+  and  A—  phase  objective.  The  phase 
of  higher  index  will  be  bright  with  the  A+  and  dark  with  the  A  — 
diffraction  plates  (see  Section  9  of  Chapter  \T).  To  avoid  a  possible 
ambiguous  example  it  is  well  to  pass  judgment  only  after  regions  of 
several  different  sizes  have  been  observed  and  all  found  to  exhibit  the 
same  contrast  behavior. 

Degree  of  homogenization,  uniformity  of  particle  size,  and  presence 
of  undissolved  crystalloids  can  be  determined  l)y  phase  microscopy. 
With  proper  cells  and  electrodes  electrophoretic  charge  and  migration 
may  be  determined  for  otherwise  transparent  specimens.  Some  caution 
should  be  exercised  when  inhomogeneous  systems  are  examined,  to  avoid 
incorrect  interpretation;  e.g.,  it  may  not  be  possible  to  distinguish  a 
spherical  bacterium  from  a  similar  globule  of  fat  in  milk,  when  their 
path  differences  are  the  same.  Shape  differences  are  diagnostic,  and 
slight  differences  in  path  may  be  observed  with  diffraction  plates  of 
different  transmissions.  Specific  examples  and  recommendations  will 
be  cited  in  the  following  chapters. 

3.4.   Slightly  absorbing  specimens 

The  generalization  of  the  theory  for  phase  microscopy  included  both 
absorbing  and  retarding  specimens  and  indicated  that  phase  microscopy 
is  useful  with  pigmented  materials  as  well  as  with  colorless  ones  (Bennett 
et  al.,  19-16;  Barer,  1949).  When  the  contrast  from  highly  absorbing 
specimens  is  good,  adding  densiphase  contrast  may  not  make  a  noticeable 
difference,  but,  when  the  absorption  contrast  is  low,  the  added  contrast 
may  be  enough  to  make  the  specimen  visible.  Even  with  contrasty 
preparations  (metal-impregnated  nervous  tissue)  the  contrast  added  with 
phase   brings   out   details  that  would   be   overlooked   with   brightfield 
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microscopy  and  shows  more  detail  within  the  less  dense  parts  of  the 
specimen.  Regions  showing  little  detail,  as  the  eosine-stained  part  of 
a  spinal  cord,  may  reveal  added  information,  such  as  inclusion  bodies, 
when  examined  with  the  phase  system.  Combined  staining  and  mount- 
ing methods  should  also  be  helpful  (Zirkle,  1940). 

Since  the  eye  is  more  sensitive  to  small  bright  regions  on  a  dark 
background  than  to  the  reverse,  it  may  be  helpful  to  reverse  a  dark 
image  to  bright  contrast  with  an  A+  phase  objective  for  detailed  study. 
Some  ray  tracks  in  photographic  emulsions  show  better  in  this  manner 
(Section  9  of  Chapter  V). 

In  general,  the  phase  microscope  is  most  useful  for  studying  absorbing 
specimens  when  their  image  is  too  weak  for  clear  vision  with  brightfield 
methods.  The  IB— 0.25X  type  of  diffraction  plate  usually  provides 
the  best  improved  contrast,  although  the  2.5B— 0.25X  plate  may  give 
greater  visibility  with  some  specimens.  The  A+  plate  is  useful  when 
reversal  of  the  contrast  is  desired  or  when  the  specimen  has  a  lesser 
optical  path  than  its  surround.  With  a  few  absorbing  materials  the 
A—  type  of  diffraction  plate  gives  better  contrast  than  the  others. 
Typical  examples  of  the  application  of  phase  microscopy  to  stained 
materials  are  given  in  Table  V.2,  although  the  European  work  may  need 
revaluation  as  they  have  the  opportunity  of  using  other  than  A  — 
diffraction  plates. 

Old,  faded  preparations  may  have  enough  stain  left  for  good  visibility 
with  the  phase  microscope  long  after  becoming  invisible  with  the  bright- 
field  microscope.  Thus  some  museum  collections  may  have  their  value 
restored.  Likewise  light  staining  combined  with  phase  contrast  may 
reveal  more  detail  than  either  method  would  alone.  Dr.  Jack  Schultz 
reports  that  chromosomes  slightly  stained  with  light  green  have  marked 
densiphase  contrast.  Lindegren  (1947)  obtained  better  visibihty  of 
yeast  structure  with  a  B—  phase  objective  with  his  acetoformol- 
toluidin  blue  chromosome  stain.  Barer  (1947,  1948a,  h)  and  Haselmann 
(1948a,  b)  report  investigations  under  way  with  stained  material. 
Interpretation  of  densiphase  contrast  is  more  difficult,  because  optical 
path  differences  may  occur  within  the  pigmented  regions,  as  well  as 
selective  absorption  of  radiation  of  certain  wavelengths.  When  bleach- 
ing of  the  absorbing  material  is  possible  without  otherwise  damaging  the 
specimen,  direct  comparisons  may  be  made.  Measurement  with  phase 
before  staining  may  yield  pertinent  information  on  the  finer  structure  of 
specimens.  Modern  controlled  staining  methods  should  be  combined 
with  phase  microscopy  (Petrunkevitch,  1937;  Stowell  and  Alber, 
1943).     Spectrophotometric  methods  offer  further  promise. 
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3.5.   Adding  color  contrast  to  phase  contrast 

In  the  previous  section  the  gain  in  contrast  by  phase  microscopy  with 
shghtly  absorbing  specimens  was  considered  in  general  terms.  When  the 
specimen  is  sufficiently  transparent  and  colored,  color  filters  may  enhance 
the  visibility,  as  with  brightfield  microscopy.  A  filter  of  complementary 
color  between  the  lamp  and  the  microscope  will  increase  contrast,  and 
one  of  nearly  the  same  color  will  lessen  contrast  and  often  reveal  greater 
detail.  Further  results  are  possible  with  photographic  recording,  be- 
cause the  availability  of  emulsions  of  different  color  sensitivities  makes 
possible  effective  color  combinations  that  the  specialized  color  sensitivity 
of  the  eye  would  not  recognize  (Evans,  1948). 

Reversing  the  contrast  of  the  specimen  from  dark  to  bright  may  make 
color  contrast  more  effective.  Red  stained  wheat  chromosomes  (Fig. 
IV. 4),  examined  in  light  from  a  Wratten  A  or  an  equivalent  red  filter, 
stand  out  in  better  contrast  than  with  brightfield  alone  (Figs.  V.2A- 
Y.2D).  The  same  technic  is  useful  wath  Ziehl-Neelsen  stained  acid-fast 
bacteria,  which  then  appear  as  shining  bright  red  rods  against  a  dark 
background,  the  contrast  almost  as  enhanced  as  in  fluorescence  micros- 
copy. Unfortunately  any  bacteria  stained  blue  are  also  reversed  in 
contrast  and,  w^hen  the  staining  is  not  dense,  also  appear  in  a  translucent 
red.  The  method  is  useful  for  locating  the  bacteria  in  the  preparation, 
and  further  examination  with  dark-contrast  phase,  or  with  brightfield 
after  swinging  the  annulus  out  of  the  phase  system,  will  re^'eal  whether 
or  not  they  are  acid-fast  in  nature.  This  method  of  increasing  contrast 
from  reversing  the  image  to  bright  contrast  and  examining  it  with  light 
of  the  same,  or  nearly  the  same,  color  as  the  specimen  may  be  used  to 
advantage  with  other  colored  specimens,  and  the  more  transparent 
detail  is  particularly  helpful  in  stereoscopic  methods. 

Optical  dispersion  staining  may  be  combined  with  phase  microscopy 
and  may  be  more  effective  with  diffraction  plates  giving  bright  or  B  — 
dark  contrast.  The  light-bending  ability  of  transparent  specimens  is 
usually  different  for  long  and  short  wavelengths  of  light,  and  this 
difference  in  dispersion  may  be  expressed  as  j^  =  (no  —  l)/(^f  —  nc), 
where  no,  np,  and  ric  are  the  refractive  indices  for  yellow,  blue,  and  red 
light  of  those  solar  spectral  lines.  When  the  specimen  and  its  surround 
have  nearly  the  same  dispersion  little  color  difference  will  be  noticed; 
if  their  index  is  closely  the  same  and  their  dispersions  different  the 
specimen  will  appear  in  colors.  In  1946  Richards  found  that  dust 
mounted  in  nitrobenzene  could  be  used  for  the  approximation  of  its 
silica  content  as  the  quartz  particles  had  enough  difference  in  dispersion 
to  appear  violet  when  examined  with  the  phase  microscope  in  bright 
contrast  with  a  0.2A-|-X/3  diffraction  plate.     The  color  is  helpful  in 
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counting,  and  the  phase  system  revealed  smaller  particles  than  could  be 
seen  by  brightficld  methods  (see  Section  2  of  Chapter  VI). 

Dispersion  has  been  important  to  mineralogists  and  used  by  them 
for  many  years,  but  only  recently  has  it  been  explored  and  recommended 
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Fig.  IV.4.     Wheat  chromosomes  stained  with  acetocarmine,  400  X.     A,  brightfield. 

B,  dark-contrast  (A  —  )  phase.     C,  high  bright-contrast  phase.     D,  same  as  C,  plus 

red  filter.     Preparation  courtesy  of  Professor  Luther  Smith. 

for  general  application  with  transparent  materials  (Crossmon,  1948, 
1949a).  For  many  specimens  Crossmon  recommends  a  medium  of 
suitable  dispersion,  with  a  refractive  index  differing  from  that  of  the 
specimen  by  about  0.004  (see  Table  V.l).  He  recommended  a  darkfield 
microscope  to  bring  out  the  details  of  the  specimen  in  color,  but  the  same 
method  may  be  even  better  with  the  phase  microscope,  because  any 
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densiphase  contrast  present  can  be  added  to  the  color  contrast  for 
increased  differential  visibility.  Dispersion  staining  is  useful  with 
colorless,  or  nearly  so,  specimens  for  bringing  out  detail  and  for  evaluat- 
ing impurities  or  contaminants  within  the  specimen  (see  Section  2  of 
Chapter  Yl).  Dispersion  often  explains  the  colors  seen  in  some  un- 
colored  specimens  under  the  phase  microscope.  The  microscopist 
should  be  familiar  with  color  theory  and  with  the  limited  sensitivity 
of  his  own  eye  to  avoid  errors  of  interpretation  when  microscopy  involves 
color  (Evans,  1948). 

3.6.  Photomicrography 

Photographic  records  are  as  easily  made  with  the  phase  microscope 
by  following  the  same  rules  and  methods  as  in  other  photographic 
procedures.  Nearly  all  the  published  papers  on  phase  microscopy  are 
illustrated  with  photomicrographs  which  attest  this  statement.  Color 
may  be  recorded  with  color  films  when  it  is  a  part  of  the  record. 

The  ability  to  see  details  and  to  follow  physiological  processes  hitherto 
invisible  in  living  organisms  early  brought  out  the  value  of  making 
records  with  the  motion  picture  camera.  Grasshopper  spermatogenesis 
was  recorded  in  dark  (A  —  )  contrast  in  a  notable  film  by  Michel  (1941, 
1950).  Harrison  et  al.  (1946)  filmed  the  serological  reactions  of  a  green 
and  a  colorless  species  of  Paramecium  bvrsaria  with  Anscocolor  motion 
picture  film;  color  was  important  as  a  natural  marker  indicating  the 
sensitized  animals.  In  England,  Hughes  and  his  associates  have  filmed 
mitosis  and  have  also  combined  phase  and  polarization  microscopy  for 
motion  picture  analyses  of  dividing  cells  (Hughes  and  Fell,  1949; 
Hughes  and  Preston,  1949,  and  Hughes  and  Swann,  1948).  A  phase 
motion  picture  of  tumor  cells  was  produced  by  Dr.  G.  0.  Gey  (Firor  and 
Gey,  1947),  and  a  tissue  culture  film  of  salamander  lung  cells  was  made 
by  Danes  (1949).  Farris  (1947-1950)  has  made  motion  pictures  of 
vertebrate  spermatozoa.  Films  showing  the  growth  and  life  histories 
of  fungi  should  be  available,  and  with  long-focus  methods  that  permit  the 
use  of  normal  cultures  in  Petri  dishes  they  could  be  made  under  normal 
conditions  of  growth  (Richards,  1947a,  19486). 

The  phase  microscope  replaces  the  brightfield  microscope,  or  phase 
accessories  may  be  added  to  existing  equipment.  The  slightly  longer 
exposures  are  usually  not  a  serious  handicap  as  a  100-watt  lamp  has  been 
found  more  than  adequate  for  color  film.  Various  kinds  of  equipment 
for  this  work  are  described  in  the  Journal  of  the  Biological  Photographic 
Association  (see  the  Cumulative  Index  17:  192,  1949;  also  Dragesco, 
1948;    Heard,   1932;    and  Richards,   1934).     Hughes   (1949)  discusses 
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the  problems  of  equipment,  exposure,  and  materials  in  detail,  and 
Ballerini  and  Scandone  have  described  their  16-mm  equipment. 

Photomicrographs  for  reconstructions  or  models  should  be  made  with 
the  objective  of  highest  numerical  aperture  appropriate  to  the  specimen 
in  order  to  obtain  optical  sections  ha^'ing  minimal  depth  of  field.  When 
thicker  sections  are  to  be  photographed  an  objective  with  the  lowest 
numerical  aperture  capable  of  giving  the  recjuired  resolution  should  be 
combined  with  higher  power  oculars  to  achieve  the  necessary  magnifica- 
tion. A  magnification  of  1000  times  the  numerical  aperture  of  the 
objective  is  often  satisfactory.  However,  greater  magnifications  may 
be  needed  with  the  phase  microscope  to  bring  out  the  increased  contrast 
and  detail  revealed.  The  ordinary  classical  Abbe  theory  of  resolution 
is  not  adequate  as  a  guide  in  photomicrography,  and  it  is  rarely  applicable 
in  practical  microscopy  in  which  extended  objects  are  commonly  observed 
rather  than  the  separation  of  two  adjacent  geometrical  image  points. 
For  example,  the  distance  between  the  divided  bacterial  cells  in  Fig. 
V.IP  and  V.IQ  is  much  less  than  the  limit  of  resolution  based  on  the 
Abbe  formula  (X/2  N.A.),  yet  the  edges  are  sharp  and  the  greater 
resolution  of  the  electron  microscope  confirms  the  record. 

One  of  the  main  ad^'antages  of  phase  microscopy  is  that  the  sharp 
edges  of  the  specimens  are  free  from  indefinite  diffraction  patterns. 
Measurements  become  possible,  and  this  is  important  with  living  micro- 
organisms and  colloidal  materials,  wherein  staining  methods  would  so 
alter  the  size  that  the  measurements  could  not  be  interpreted.  How- 
ever, such  measurement  is  not  often  possible  visually  because  of  the 
motion  of  the  specimen,  and  ordinary  photomicrographic  procedures  do 
not  permit  exposures  fast  enough  to  avoid  blurring  from  movement. 
This  problem  was  solved  in  1945  when  Richards,  Foster,  and  Wennemark 
took  phase  photomicrographs  with  an  Edgerton  type  of  electronic  flash. 
The  newer  General  Electric  FT-230  flash  tube  has  proved  even  more 
satisfactory  (Richards,  19476,  Laporte,  1950).  A  lens  system  (Fig. 
IV. 5)  magnifies  and  images  the  electrodes  of  the  tube  on  either  side  of 
the  opening  in  the  microscope  condenser.  Discharging  an  electrical  con- 
denser through  the  tube  provides  a  rapid  flash  uniform  enough  to  fill 
the  aperture  of  the  microscope  and  short  enough  to  effectively  stop 
Brownian  and  other  motions  of  the  specimen.  It  is  necessary  to  add  a 
source  of  continuous  light  for  focusing  the  microscope.  This  is  accom- 
plished by  focusing  the  aerial  image  of  the  filament  of  a  small  micro- 
scope illuminator  between  the  electrodes  of  the  FT-230  tube.  This 
image  is  automatically  focused  in  the  microscope  aperture  and  turned 
off  before  the  high-speed  flash  exposure.      The  light  is  adequate  for 
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good  negatives  on  the  high-speed  black  and  white  emulsions.  Photo- 
micrographs have  been  made  at  1800  X  with  all  contrasts  of  the  Spencer 
oil  immersion  phase  objectives  with  loadings  of  2  to  2.5  kv  and  75  to 
120  /if  (150  to  250  watt-seconds).  The  exposure  duration  was  esti- 
mated to  be  about  1/35,000  second  by  Mr.  Frank  Carlson  (General 
Electric  Co.),  to  whom  Richards  is  grateful  for  assistance  and  equip- 
ment. The  flash  tubes  and  power  packs  are  available  commercially,  and 
lens  systems  can  be  combined  to  illuminate  the  microscope.  By  adding 
a  timing  circuit  to  the  timelapse  motion  picture  equipment  an  elec- 
tronic flash  could  be  used  although,  as  Carlson  points  out,  the  resulting 
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Fig.  IV.5.     Diagram  for  electronic  flash  illumination  for  photomicrography.     A, 
focusing  light.     B,  FT-230  flash  tube.     C,  condensing  system.     D,  microscope.     E, 
image  of  focusing  lamp  filament  and  flash  tube  electrodes  on  underside  of  the  micro- 
scope condenser. 


pictures  may  be  so  sharp  as  to  appear  jerky  on  projection.  (Figures 
V.IP,  V.IQ,  MAF,  YAH,  VIA,  and  VI. 6  were  made  by  electronic  flash.) 

Film  for  the  phase  microscope  is  chosen  according  to  the  criteria 
established  for  any  other  kind  of  photography.  A  process  or  positive 
type  of  emulsion  is  suitable  when  the  specimen  is  uncolored  and  there  is 
enough  light.  Richards  favors  a  fine-grained  type  B  panchromatic 
film  for  general  use  such  as  Panatomic  X  or  its  equivalent,  and  develops 
in  DK-50  by  time  and  temperature.  Others  will  get  eciually  good 
results  with  other  materials  and  procedures.  When  color  is  important 
the  emulsion  suitable  must  be  sensitive  enough  to  record  the  color 
directly  or  to  give  a  correct  rendering  in  black  and  white.  Cole  (1949) 
reports  increased  contrast  with  a  Polaroid  filter. 

With  Spencer  phase  equipment,  Richards  (19476)  found  that  the 
IB— 0.25X  diffraction  plate  did  not  require  increased  exposure.  The 
0.2A±0.25X  low-contrast  diffraction  plates  usually  took  about  the  same 
exposure  as  required  by  brightfield  microscopy  with  the  condenser 
closed  enough  to  give  best  contrast  on  the  ground  glass.     The  higher 
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Fig.  IV.6.     Phase  stereophotomicrographs.     A,   red-stained  wheat    chromosomes, 
550  X .     B,  3-naphthol  crystals,  120  X .     C,  epithelial  cells  from  dorsum  of  an  Axolotl 

tadpole,  400  X. 
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contrast  0.14A±0.25X  and  0.07A±0.25X  plates  often  require  two  to  four 
times  the  equivalent  exposure  required  by  brightfield.  Other  makes  of 
phase  equipment  with  narrower  conjugate  areas  rerjuire  correspondingly 
longer  exposures.  These  figures  are  suggestive  only  and  are  given  to 
assist  the  microscopist  in  determining  the  proper  exposure.  More 
exact  exposures  can  be  obtained  with  exposure  meters  appropriate  for 
photomicrography  (Maurer,  1944).  With  colored  light  and  color 
filters  the  exposures  are  increased  accordingly  by  the  usual  factors. 
Even  with  the  best  eciuipment  some  experience  is  necessary,  and  trial- 
and-error  methods  may  be  required  for  exposure  determination. 

Stereophotomicrographs  are  helpful  in  showing  the  third  dimension 
of  a  specimen  and  may  be  made  by  several  methods.  With  low  powers 
the  specimen  may  be  tilted  about  7°  and  one  picture  made,  then  tilted 
the  same  amount  in  the  opposite  direction  and  the  second  picture  of  the 
stereopair  photographed.  With  higher  magnifications  there  is  not 
enough  depth  of  field  for  this  procedure,  and  the  half-aperture  method 
is  satisfactory  provided  that  the  loss  of  half  of  the  resolution  is  of  no 
consequence.  A  piece  of  black  Scotch  tape  is  placed  to  cover  one-half 
of  the  annulus,  and  the  first  picture  made.  The  annulus  is  rotated 
180°,  or  the  tape  is  removed  and  placed  on  the  opposite  half  of  the 
annulus,  and  the  second  exposure  is  made.  The  simple  condenser  is 
more  convenient  for  this  than  is  the  turret  condenser.  The  two  ex- 
posures of  the  pair  should  be  processed  together  and  mounted  so  that 
corresponding  points  are  about  2.5  inches  apart  and  so  that  horizontal 
lines  in  each  are  in  line  to  avoid  tilt.  The  mounted  pair  may  be  viewed 
with  a  stereoscope  for  study  of  the  third  dimension  (Fig.  IV. 6)  or,  after 
some  practice,  fused  on  direct  observation.  The  picture  should  be  held 
so  that  by  looking  over  it  one  may  see  some  distant  object.  When  the 
eyes  are  quickly  dropped  to  the  pictures,  the  pictures  will  fuse  into  one, 
with  tridimensional  depth.  One  should  look  through  rather  than  at  the 
pictures  so  that  the  accommodation  will  be  relaxed. 

The.  important  precaution  in  phase  photomicrography  is  to  make  sure 
by  checking  with  the  telescope  that  the  image  of  the  annular  diaphragm 
is  concentric  with  and  superimposed  on  the  diffraction  plate.  Any 
light  leakage  will  markedly  decrease  the  contrast  in  the  photograph. 
Light  leakage  around  the  conjugate  area  will  spoil  the  definition  of  the 
photomicrograph  more  than  leakage  around  the  outside  of  the  objective, 
although  both  should  be  avoided.  Glare  from  light  leakage  is  additive 
in  photography  because  the  camera  cannot  focus  and  adapt  like  the  eye. 
Proper  alignment  should  not  be  neglected  for  efficient  visual  microscopy. 
For  adequate  photomicrography  the  condenser  must  be  centerable  and 
the  annuli  for  the  various  apertures  also  must  have  individual  centering 
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screws  for  correct  alignment.  Unless  the  equipment  can  be  permanently- 
aligned,  it  should  be  aligned  immediately  before  taking  a  picture. 
Especial  care  must  be  taken  with  long-focus  condensers  (see  Section  3.1 
of  Chapter  IV). 

Otherwise  photomicrography  with  the  phase  microscope  is  the  same 
as  with  other  equipment,  and  the  standard  books  on  photography 
should  be  consulted  (Jackson,  1948;  Anon.,  19*4-4;  Shillaber,  19-44). 


CHAPTER  V 


PHASE  MICROSCOPY  IN  BIOLOGY  AND 

MEDICINE 

1.  ORIENTATION 

The  phase  microscope  is  particularly  suited  to  the  examination  of 
cells,  tissues,  and  organisms  too  transparent  in  their  normal  state  to  be 
seen  with  other  methods  of  microscopy.  With  the  proper  choice  of 
diffraction  plates  details  may  be  seen  with  an  optical  equivalent  of  dif- 
ferential staining.  Sharp  boundaries  are  provided  for  measurement, 
adequate  contrast  for  counting,  with  no  loss  of  time  for  staining  pro- 
cedures (often  important  in  clinical  diagnosis)  and  with  no  question  as  to 
how  much  the  preparation  has  altered  the  specimen.  Slight  absorption 
from  small  amounts  of  natural  pigment,  from  failure  to  obtain  adequate 
staining,  and  in  faded  preparations  from  old  collections  may  be  made 
visible  with  the  phase  microscope.  Color  contrast  may  be  combined 
with  phase  contrast  when  desirable.  The  changes  due  to  killing  and 
fixing  fluids  or  the  effects  of  other  chemical  and  physical  agents  may  be 
seen,  watched,  and  assessed.  Digestive  processes,  sol-gel  transforma- 
tions, and  other  variations  in  concentration  of  materials  also  can  be 
seen  and  evaluated  with  the  aid  of  the  phase  microscope. 

Because  of  these  advantages  for  the  biologist,  the  earlier  articles  on  the 
phase  microscope  were  illustrated  mainly  with  biological  specimens. 
Kohler  and  Loos  (1941)  demonstrated  that  phase  microscopy  provides 
greater  and  more  useful  visibility  for  urine  sediments,  blood  cells, 
epithelial  cells,  trypanosomes,  and  an  unstained  kidney  section.  Pic- 
tures of  living  staphylococci,  diphtheria  bacteria,  connective  tissue, 
fibroblasts,  mouse  tumor,  fungus,  and  yeast  were  shown  by  Loos 
(1941a,  h).  Michel  (1941)  examined  the  cells  in  the  testis  of  Oedipoda 
germinatica  and  salivary  gland  chromosomes  and  made  an  unusual 
motion  picture  film  showing  sperm  formation  in  the  grasshopper. 
Spirochetes  and  epithelial  cells  were  examined  by  Burch  and  Stock 
(1942)  with  a  slit  type  rather  than  the  annular  form  of  diffraction  plate. 
Photomicrographs  of  unstained,  living  lactic  acid  bacteria,  yeast, 
Sarcina,  mycelium,  epithelial  cells,  chromosomes  of  Chiroriomus, 
trypanosomes,  and  brain-tissue  sections  in  dark  contrast  were  made  by 
Bosshard  (1944).  Richards  (1944)  published  pictures  in  bright  and 
dark  contrast  of  epithelial  cells  from  the  frog  nictitating  membrane  and 
pointed  out  the  advantage  of  choosing  the  diffraction  plate  giving  the 
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optimal  \4sibility  from  a  series  of  diffraction  plates  of  different  contrasts 
and  kinds,  and  the  possibilities  of  phase  microscopy  with  tissue  cultures, 
microorganisms,  fibers,  surfaces,  emulsions,  homogenization  of  milk, 
and  foods.  The  use  of  the  phase  microscope  in  bacteriology  was  dis- 
cussed by  Knoll  (1944)  including  the  saving  to  be  gained  from  the 
elimination  of  staining  procedures. 

In  1945  a  bacteriophage  was  seen  and  studied  with  the  phase  micro- 
scope by  Hofer  and  Richards.  Albertini  (1945)  discussed  the  impor- 
tance of  phase  microscopy  with  fresh  material,  exudates,  and  frozen 
sections,  and  its  applications  in  tumor  diagnosis.  Vital  staining  is 
aided  with  phase  (Frauchiger,  1946),  and  Harrison  et  al.  (1946)  re- 
ported phase  helpful  in  the  study  of  serological  reactions  with  protozoa 
and  documented  their  results  with  a  motion  picture.  Surface  patterns 
of  epithelial  cells  were  seen  by  Albertini  (1946a)  and  independently 
discovered  by  Ralph  (1947).  These  patterns  resembled  the  ridges 
of  fingerprints. 

The  use  of  the  Spencer  phase  microscope  for  some  sixty  specimens, 
its  use  with  replicas  for  the  study  of  surfaces,  the  combination  of  color 
and  phase  contrast,  and  the  advantages  of  an  optical  equivalent  of 
differential  staining  achieved  by  means  of  several  different  contrasts 
with  the  same  specimen  were  described  by  Bennett  et  al.  (1946).  The 
clear  detail  revealed  in  emulsions  and  in  living  organisms  was  blurred 
by  Brownian  movement  and  movements  of  the  specimen  until  Richards, 
in  1945,  with  an  electronic  flash  produced  photomicrographs  sharp 
enough  for  measurement.  A  long-focus  condenser  was  devised  so  that 
such  studies  could  be  made  of  cultures  in  Petri  dishes,  Carrel  flasks, 
and  other  containers  thicker  than  the  microscope  slide  (Richards, 
1946a,  1947a). 

General  articles  by  Taylor  (1946),  Martin  (1947),  Barer  (1947, 
19485),  and  Magliozzi  (1948)  added  applications  with  microfilaria, 
diatoms,  urine  sediments,  Chaoborus,  Botryllus,  Purkinje,  and  muscle 
cells,  seen  with  Cooke,  Troughton  and  Simms  and  with  Bausch  and  Lomb 
phase  microscopes  (dark  A—  contrast).  Richards  (1947c)  reviewed 
biological  phase  microscopy.  Most  of  the  British  and  European 
contributions  were  made  with  dark-contrast  (A  —  )  eciuipment  by 
Cooke,  Troughton  and  Simms  and  by  Zeiss,  whereas  the  greater  number 
in  America  have  used  Spencer  equipment  with  all  contrasts.  The 
possibilities  of  phase  microscopy  in  biology  and  medicine  were  by  then 
reasonably  clear,  and  the  publications  were  becoming  concerned  more 
with  the  phase  microscope  as  a  means  of  solving  problems.  These 
contributions  will  be  included  in  a  systematic  examination  of  the 
various  fields  of  microscopy  in  the  rest  of  this  chapter. 
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2.  TECHNIC 

The  ability  of  the  phase  microscope  to  reveal  detail  in  unstained, 
living  cells  has  placed  emphasis  on  preparation  methods  which  do  not 
alter  or  damage  the  cells  and  tissues.  Many  of  the  technics  described 
in  the  previous  chapter  are  appropriate  and  will  not  be  repeated  here. 
Some  cells  and  organisms  will  remain  from  a  few  hours  to  several  days 
in  a  sealed  mount  with  no  apparent  change,  whereas  others  require  an 
effectively  constant  environment  for  survival.  The  latter  may  be  put 
in  mounts  through  which  nutrients  may  be  flowed  and  excretion  products 
washed  out  (Tinsley,  1938).  Moment  (1944)  recommends  polyvinyl 
alcohol  for  quieting  protozoa  and  other  small  organisms. 


Tal.le  V.l 


A.  Biological  materials 


Ut 


Bacteria 

1.33-1.54 

Bacteria  spores 

>1.55 

Trypanosoma  halhiani 

flagella 

1.56 

Mucor  protoplasm 

1.38 

Phycomyces  sporangio- 

phore 

1.38 

Yeast  protoplasm 

1.38 

Amoeba  verrucosa 

1.42-1.44 

Amoebocyte,  Lumbricus 

1.400 

Amoebocyte,  Lumbricus 

hyaloplasm 

1.364 

Amoebocyte,  Asterias' 

1.446 

Amoebocyte,  Aslerias 

hyaloplasm 

1.385 

Stentor  cilia 

1.51 

Sea  urchin  egg 

1.39 

Animal  protein  hbers 

1.5-1.6 

Blood  protein,  1.73(3% 

1.339 

Blood  protein,  10.48% 

1.354 

Blood,  cell  ghosts 

1.504 

Blood,  lipids 

1.490 

Blood,  hemaglobin 

1.544 

Blood,  hemaglol)in  from 

disks 

1.525 

Serum 

1.3466 

Serum 

1.3495 

Serum 

1.34726 

Bone,  fresh 

1.4S1 

Bone  marrow 

1.3738 

Bone,  human,  dried 

1.549-1.564 

Cell,  fixed,  cleared, 

strained 

1.54 

Eye,  aqueous  and  vitre- 

ous 

1.337 

Eye,  cornea 

1.377 

°C  Reference 

15     Porter  (1947) 
.  .     Porter  (1947) 

Calkins  and  Summers  (1941) 
.  .     Heilbrunn  (1937) 

.  .  Heilbrunn  (1937) 
.  .  Heilbrunn  (1937) 
.  .     Frederikse  (1933a,  b) 

Calkins  and  Summers  (1941) 

Calkins  and  Summers  (1941) 
Calkins  and  Summers  (1941) 

Calkins  and  Summers  (1941) 
Calkins  and  Summers  (1941) 

.  .      Heilbrunn  (1937) 

.  .      Schmitt  (1944) 

.  .      Schmitt  (1944) 

18     Schmitt  (1944) 

.  .     Waugh  and  Schmitt  (1940) 

.  .      Waugh  and  Schmitt  (1940) 

.  .      Waugh  and  Schmitt  (1944) 

.  .  Waugh  and  Schmitt  (1944) 

.  .  Thorell  (1947) 

17  0.0013/°C,  du  Noiiy  (1929) 

37         


Thorell  (1947) 
Antonio  (1949) 

Pantin  (1946) 

American  Optical  Co.  Chart 
American  Optical  Co.  Chart 
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Table  V.l — Continued 

[ 

Eye,  lens 

1.42 

American  Optical  Co.  Chart 

Eye,  retina,  cow,  dark 

adapted 

1.3610  ±  0.0008 

Ajo  (1947) 

Eye,  retina,  new-born 

calf 

1.3(321  ±  0.0012 

Ajo  (1947) 

Eye,  retina,  pig 

1.35733  ±  0.00167      .  . 

Ajo  (1947) 

Muscle,  deep  back,  of 

rat 

1.537  ±  0.001 

Groat  (1941) 

Histological  sections 

1.536± 

Crossmon  (1949) 

Tooth  enamel 

1.627,  1.623 

Crossmon  (1949) 

Tooth  tlentine 

1.577  ±  0.003 

Crossmon  (1949) 

Tooth  cementum 

1.560-1.570 

Crossmon  (1949) 

Some  industrial  and  reference  materials  from  various 

sources 

nD 

Celluloid 

1.53  ± 

Cellulose 

1.53  and  1.59 

Cotton 

1.56 

Flax 

1.56 

Gelatin,  dry 

1.54 

Hemp 

1.56 

Nylon 

1.55 

Ramie 

1.56 

Shellac 

1.54 

Silica,  fused 

1.46013 

Silica,  crystal 

1.544  and  1.553 

Silk 

1.54  and  1.59 

Silk,  acetate 

1.48  and  1.475 

Silk,  viscose 

1525  and  1.55 

Sisal 

1.53 

Starch 

1.53 

Wool 

1.54+  and  1.55  + 

NH4CI 

1.490 

NH4I 

1.703 

KCl 

1.490 

NaCl 

1.544 

Thinner  preparations  usually  reveal  more  detail  than  thicker  ones, 
which  justifies  the  small  amount  of  practice  reciuired  to  obtain  good 
mounts  \vith  living  materials.  With  many  tissues,  cells  may  be  obtained 
by  tapping  the  cut  surface  into  a  drop  of  fluid  on  a  slide.  Ciliated 
epithelial  cells  from  the  lung  of  a  mouse  are  readily  isolated  in  this  way, 
providing  a  good  teaching  preparation  as  the  beat  of  the  cilia  continues 
for  some  time  in  mammalian  Ringer's  or  Locke's  solution.  Smooth 
muscle  fibers  isolated  in  5%  citric  acid  were  examined  by  Magliozzi 
(1948).  Some  investigators  force  tumor  or  other  tissues  through  a 
fine  screen  to  break  up  the  tissue  and  examine  the  resulting  brie  for 
isolated  cells  or  cell  groups.  The  classical  experiment  of  disrupting  a 
sponge  and  watching  the  reorganization  might  be  repeated  to  advantage 
with  the  phase  microscope.     Microorganisms  may  be  shaken  apart  for 
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Fig.  V.l 
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examination.  Many  body  fluids  contain  cells  or  organisms  and  may 
be  examined  without  further  treatment.  Serous  fluids  are  useful 
mounting  materials  either  as  liquids  or  after  clotting.  When  the 
optical  path  difference  is  not  optimal  for  good  visibility  the  refractive 
index  of  the  mounting  medium  may  be  changed  (Section  3.2  of  Chapter 
IV)  or  other  contrasts  and  types  of  diffraction  plates  tried.  Table  V.l 
gives  refractive  indices  of  some  specimens  (see  also  Table  IV.l). 

Mounts  of  living  organisms  and  wet  mounts  in  general  should  be 
sealed  with  petroleum  jelly,  paraffin,  or  other  suitable  material  to  reduce 
movements  from  convection  currents,  to  prevent  evaporation  and  the 
consequent  necessity  of  periodically  adding  water,  and  to  hold  the  cover 
glass  in  place.  When  the  aqueous  preparation  covers  only  the  center 
three-fourths  of  the  area,  paraffin  oil  may  be  run  imder  the  cover  to 
seal  evaporation.  Some  immersion  oils  are  sufficiently  non-toxic 
and  are  preferable  to  paraffin  oil  as  the  index  and  dispersion  are  corrected 
for  microscopy.  Oxygen  will  dissolve  and  be  carried  through  such  a 
thin  paraffin  layer  in  adequate  amounts  for  some  microorganisms. 
Various  types  of  mounts,  cells,  and  compressors  have  been  described 
in  the  earlier  popular  books  on  microscopy.  These  might  well  be 
revived  for  use  with  phase  microscopy  (Beale,  1870;  Carpenter,  1901; 
Hogg,  1886;  Quekett,  1852;   or  other  editions). 

3.  MICROORGANISMS 

3.1.  Bacteria,  phage,  and  virus 

Bacteria  should  be  examined  in  wet  mounts  (Fig.  V.l).  Heat 
fixation  should  be  avoided  whenever  possible,  because  it  shrinks  and 
distorts  the  cells.  The  larger  bacteria  may  be  studied  with  the 
0.2A±0.25X  diffraction  plates,  although  the  0.14A  — 0.25X  may  be  found 
more  useful  than  the  0.2A  — 0.25X  plate.  The  smallest  organisms  re- 
quire greater  contrast,  as  do  the  internal  details  of  the  cell,  and  the 
0.07A±0.25X  plates  are  preferable.  Bright  contrast  is  usually  chosen 
for  locating  and  counting  organisms,  and  dark  contrast  for  measure- 
ment. The  smaller  structural  details  are  more  easily  seen  with  bright 
contrast    although    the    dark    contrast    resembles    the    appearance    of 

Fig.  V.l.  Bacteria.  A-D,  Bacillus  mycoides,  1500 X:  A,  brightfield.  B,  dark- 
contrast  (B  — )  phase.  C,  dark-contrast  (A  —  )  phase.  D,  bright -contrast  phase. 
E-J,  Mycobacterium  lephrae,  4000  X:  E,  brightfield.  F,  dark-contrast  phase. 
G-J,  bright-contrast  phase.  K,  giant  .spirochete,  1600  X.  Bright-contrast  phase. 
Lr-0,  pneumococci  showing  capsules,  3000  X:  M,  brightfield.  .V,  dark-contrast 
phase.     L,  0,  bright-contrast  phase.     P,  Q,  Bacillus  cereus,  2500  X  :  P,  dark-contrast 

phase.     Q,  bright-contrast  phase. 
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stained  preparations  with  the  brightfield  microscope.  The  B  —  diffrac- 
tion plates  are  useful  with  stained  organisms  and  often  provide  better 
contrast  for  fine  detail  with  unstained  organisms  than  the  harsher 
A—  type  for  dark  contrast  (Fig.  \.1B). 

With  the  long-focus  condenser  equipment  it  is  possible  to  examine 
bacteria  growing  on  agar  in  Petri  dish  cultures  when  the  agar  is  not  too 
thick,  even  with  the  oil  immersion  lens.  A  cover  glass  should  be  placed 
on  the  agar  to  prevent  moisture  from  the  preparation  fogging  the 
objective.  The  phase  microscope  shows  more  detail  within  organisms 
than  the  darkfield  microscope,  which  reveals  outlines  or  large  inclusions. 
However,  in  the  examination  of  exudates  from  sores  the  phase  microscope 
makes  the  pus  cells  and  other  material  likewise  more  visible,  and  the 
darkfield  microscope  is  preferable  for  most  observations  of  this  type, 
e.g.,  finding  spirochetes  in  smear  preparations  from  syphilitic  sores. 
Sputum  smears  with  considerable  amounts  of  mucus  should  be  examined 
by  fluorescence  or  staining  methods  rather  than  with  the  phase  micro- 
scope, because  the  enhanced  visibility  of  the  mucus  obscures  any 
bacteria  present.  When  the  surrounding  medium  is  not  too  full  of 
extraneous  material  the  phase  microscope  is  useful  for  locating  bacteria. 
Perry  (1948)  illustrated  a  spirochete  in  a  tissue  culture. 

When  the  shape  and  optical  path  of  a  bacterium  and  material  near 
it  are  the  same,  it  may  not  be  possible  to  tell  them  apart  by  phase 
microscopy.  A  single  coccus  often  cannot  be  distinguished  from  a 
similar-sized  fat  globule  in  milk  without  other  methods,  but  bacteria  of 
other  forms  may  be  found  and  in  some  cases  identified  from  their  shape. 
Some  organisms  are  too  small  to  be  seen,  as  unstained  Leptospira  in 
kidney  tissue  sections.  The  special  stains  add  enough  material  (e.g., 
silver)  to  the  organism  to  make  it  of  size  to  be  visible,  and  with  these 
stains  B—  diffraction  plates  give  still  better  contrast.  For  these 
the  further  development  of  phase  microscopy  may  show  that  the 
0.07A-I-0X  or  0.07A+0.4-0.5X  diffraction  plates  are  appropriate. 

Although  one  of  the  advantages  of  phase  microscopy  is  the  saving  of 
time  and  materials  involved  in  staining  procedures,  the  use  of  the  phase 
microscope  with  stained  materials  is  often  advantageous,  Table  V.2 
(see  also  Section  3.5  of  Chapter  IV).  Eisenstark  and  McMahon  (1949) 
have  combined  nigrosin  negative  staining  with  phase  for  study  of  the 
capsules  of  Azotobader. 

Phase  and  electronic  flash  have  been  used  by  Richards  (19486)  to  make 
very  sharp  pictures  for  accurate  measurement  of  the  size  of  bacteria 
(Fig.  V.l,  P  and  Q).  A  pure  strain  of  B.  megatherium  had  an  average 
width  of  1.0  M  (o"  =  0.06  ju).  For  B.  cercus  an  average  width  of  1.10  n 
was  obtained  with  bright-contrast  phase  and  1.05  /x  with  dark-contrast 


BACTERIA,   PHAGE,   AND  VIRUS 


199 


Table  V.2 

Diffraction  plates 

reconi  mended  for 

stained  specimens 

Stain 

Specimen 

Plate t 

Reference 

Acetoformol-toluidin  liluc 

Yeast  chromo- 
somes 

2.5B-0.25X 

Lindegren 

(1947) 

Biolschowsky 

Nervous  tissue 

A- 

Barer  (19486) 

Fuelgen 

Chromatin 

lB-0.25\ 

* 

Light  green 

Chromosomes 

0.14A-0.25X 

Schultz* 

Machiavelli 

Rickettsiae 

1B-0.25X 

* 

Orcein 

Chromosomes 

0.14A-0.25X 

* 

Paschen's  carbol-fuchsine 

Fowl  pox 

0.07A+0.25X 

* 

with  red  filter 

Polychrome  methylene  blue 

Blood  (supnivit- 

al) 

1B-0.25X 

* 

Soudan  black 

Mitochondria 

2.5B-0.25X 

Jones  (1947) 

Toluidin  blue 

Cartilage 

1B-0.25X 

* 

Warthin-Starry  method 

Leptospira 

1B-0.25X 

* 

*  Richards,  unpublished  observations. 

t  Commercial  designations:  IB— 0.25X  =  low  B—  contrast.  2.5B— 0.25X  = 
medium  B—  contrast.  Of  the  A+  and  the  A—  plates  0.07  is  high  contrast,  0.14 
is  medium  contrast,  and  0.2  is  low  contrast.  The  A—  gives  dark  and  the  \+  bright 
contrast  for  specimens  with  greater  optical  path  than  that  of  their  suiround. 

phase  (a  =  0.07  and  0.05  /x).  The  results  agree  with  theory  in  that  the 
same  value  was  obtained  with  both  contrasts  within  the  error  of  measure- 
ment. The  relation  of  these  values  to  those  in  the  literature  are  dis- 
cussed in  the  original  paper,  although  direct  comparison  was  not  possible 
since  other  methods  (even  negative  staining)  alter  the  size  of  the 
bacterium  and  bright  field  microscopy  does  not  provide  an  image  sharp 
enough  for  measurement.  The  use  of  phase  microscopy  and  motion 
picture  recording  should  clarify  some  problems  of  growing  bacteria 
and  disputed  life  histories  (Section  3.6  of  Chapter  IV). 

Unstained  bacteria  show  considerable  detail  (Fig.  V.l).  The  outside 
wall  does  not  show  in  most  living,  unstained  organisms.  With  stained, 
mordanted  B.  cereus  the  0.14A— 0.25X  diffraction  plate  shows  both  wall 
and  detail  (Fig.  Y.2E).  Unmordanted  stained  cells  (Fig.  V.2F)  show 
nuclear  detail  as  dark  areas  with  a  0.15A+0.25X  plate.  We  are  in- 
debted to  Dr.  Robinow  for  the  preparations  from  which  Figures  Y.2E 
and  Y.2F  were  made.  Increased  contrast  from  reversal  to  bright 
contrast  by  means  of  a  0.07A-|-X/4  plate  and  red  light  from  a  Wratten  A 
filter  may  be  obtained  with  Ziehl-Neelsen  stained  bacteria  (Fig.  V.2, 
A-D).  The  limitations  of  this  procedure  were  discussed  in  Section  3.5 
of  Chapter  IV.  Septa  were  observed  at  each  full  turn  of  the  spiral  in  a 
giant  spirochete  by  Dyar  (1947)  (Fig.  V.l/v).  Leprosy  bacteria  have 
been  studied  with  phase  by  Hichards  and  Wade  (1949).     Haselmann 


Fig.  V.2.  Bright  contrast  with  red  filter  for  Ziehl-Neelsen  stained  bacteria.  A,  B, 
leprosy;  C,  D,  tuberculosis,  1000 X.  A,  C,  brightfield;  B,  D,  high  bright-contrast 
phase.     E,  F,  Bacillus  cereus,  1850  X:   E,  stained  without  tannic  acid.     F,  stained 

with  tannic  acid. 
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and  Kappel  (1949)  found  blue  light  and  high-aperture  phase  objectives 
useful  with  gonococci. 

A  preparation  of  Aerohacter  in  glycerin  jelly  suggested  the  presence  of  a 
capsule,  but  the  difference  in  optical  path  was  not  adequate  for  certain 
observation.  A  pneumococcus  provided  through  the  courtesy  of  Dr. 
Erwin  Neter  had  good  capsules,  and  the  ad^'antage  of  the  phase  micro- 
scope for  observing  these  unstained  living  organisms  in  aqueous  mounts 
is  apparent  when  L,  A^,  and  0  of  Fig.  ^M  are  compared  with  M.  Two 
cells,  N  and  0  of  Fig.  V.l,  have  been  interpreted  as  either  simple  fission 
or  as  a  possible  reduction  stage  in  sexual  reproduction.  Continuous 
observation  or  motion  picture  recording  should  answer  such  questions. 

Swimming  bacilli  often  show  an  undulating  movement  tliat  Pijper 
has  described  and  photographed  with  solar  darkfield  cinephoto- 
micrography.  Pijper  (1949)  reports  seeing  fiagella  on  a  large  spirochete 
with  phase  microscopy.  High-speed  pictures  of  profeus  and  subtilis  by 
Richards  did  not  show  fiagella,  nor  did  he  see  them  in  normal  swimming. 
The  addition  of  some  Alethocell  to  give  a  more  viscous  medium  did 
suggest  twirls  similar  to  those  seen  by  Pijper.  Further  study  with  both 
methods  should  pro^'ide  the  information  needed  to  understand  the 
motility  of  bacteria.  The  meagerness  of  information  available  and  the 
details  shown  in  the  figures  demonstrate  the  possibilities  of  phase 
microscopy  in  these  fields. 

Unstained  fixed  Rickettsiae  may  be  seen  with  the  0.14A-f-0.25X  and 
the  IB— 0.25X  diffraction  plates,  and  the  latter  makes  them  even  more 
visible  when  stained  with  the  Machiavelli  stain.  The  higher  contrast 
may  be  preferable  for  the  examination  of  small  living  organisms. 

The  action  of  the  bacteriophage  on  Rhizobium  was  observed  and 
reported  by  Hofer  and  Kichards  (1945).  The  ability  to  follow  the 
changes  in  lysis  in  the  li\'ing  organisms  assisted  in  understanding  the 
process  even  though  the  resolution  of  the  light  microscope  was  not 
adequate  for  all  the  details  on  the  phage.  Barer  (1948a)  reported 
seeing  the  virus  of  psittacosis  and  of  vaccinia.  Inclusion  bodies  in 
unstained  tissue  sections  of  yellow  fever  (Fig.  V  3,  A^  and  0),  herpes 
simplex,  fowl  pox,  and  distemper  were  reported  by  Angulo  et  al.  (1949), 
who  found  the  0.14A-f0.25X  bi-ight  contrast  most  useful.  They 
discussed  the  importance  of  phase  microscopy  for  studies  on  the  struc- 
ture of  inclusion  bodies  and  the  diagnosis  of  virus  disease.  Viral 
inclusion  bodies  have  been  seen  in  tissues  from  diseases  of  undetermined 
etiology  (Angulo,  1949a).  Another  paper  discusses  inclusion  bodies  of 
rabies,  vaccinia,  wheat  mosaic,  j^ellow  bean  mosaic,  mengiofeline-  and 
mouse  pneumonitis,  and  trachoma  (Angulo,  19496).  Slumps  virus  has 
been  seen  with  a  high  bright-contrast  phase  objective. 
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Fig.  V.3 
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How  small  a  virus  particle  may  be  seen  depends  on  its  path  difference. 
For  the  Rhizohium  phage  better  visibility  was  obtained  with  less  re- 
tardation of  a  0.17A+0.1\  diffraction  plate,  and  other  than  the  quarter- 
wave  retardations  should  be  tried  with  these  materials.  The  possibil- 
ities of  examining  objects  below  the  limit  of  resolution  with  the  phase 
microscope,  as  discussed  by  Osterberg  (19476),  offer  promise.  Also, 
with  bright  contrast  the  intensity  of  the  light  alone  determines  the 
smallness  of  particle  that  may  be  detected.  Whene\'er  the  center  of  the 
diffraction  pattern  is  bright  enough  to  stimulate  the  receptor,  it  will  be 
discovered. 

Haselmann  and  Kappel  (1949)  recommend  a  high-aperture  N.A.  1.4 
phase  objective  for  the  study  of  living  gonococci.  Nuclear  changes  in 
Rhodomicrobhim  have  been  described  by  Murray  and  Douglas  (1950). 
Tulasne  (1949)  is  investigating  nuclear  and  cytological  detail  in  the 
division  of  bacterial  cells.  Even  with  such  small  cells  the  phase  micro- 
scope is  aiding  in  the  understanding  of  living  processes.  These  possi- 
bilities of  the  phase  microscope  should  be  explored  by  the  bacteriologist 
and  virologist. 

3.2.  Other  fungi 

The  larger  filamentous  fungi  may  be  seen  with  low-contrast  phase 
objectives  (0.2Ad=0.25X),  and  the  smaller  Actinomycetes  can  be  seen 
with  high  contrast  (0.07A±0.25X).  Petri  dish  cultures  may  be  observed 
with  a  long-focus  phase  condenser  (Fig.  V.3,  C-H,  and  M).  A  cover 
glass  should  be  placed  over  the  area  to  be  obser\'ed  with  the  higher 
power  objectives;  otherwise  the  moisture  collecting  on  the  lens  obscures 
the  detail.  Spores  and  spore  formation  show  well  with  phase  micros- 
copy. A  B—  diffraction  plate  shows  more  detail  w^ithin  the  mycelium, 
and  it  is  preferable  for  pigmented  fungi.  Unless  the  pigmentation  is 
very  dense,  more  detail  will  be  seen  with  phase  than  with  brightfield 
microscopy. 

Yeasts  and  yeast-like  organisms  show  better  with  medium  to  high 
bright-contrast  and  with  2.5B— 0.25X  dark-contrast  phase  (Fig.  V.3, 
J-L).     The   B—    permits   focusing   through   the   cell   and   seeing   the 


Fig.  v.3.  Fungi  and  viral  inclusion  bodies.  A,  B,  Ashbya  gossypii,  brightfield  fails 
to  show  the  flagellum  clearly  seen  with  liright-contrast  phase,  1000  X.  C-E,  Hortno- 
dendron,  and  F-H,  Monilia,  growing  on  agar  in  a  Petri  dish,  67  X :  C,  F,  brightfield; 
E,  G,  high  dark-contrast  (B  — )  phase.  D,  H,  bright-contrast  phase.  J-L,  yeast, 
700  X:  J,  medium  dark-contrast  (B  — )  phase.  K,  dark-contrast  (A  —  )  phase. 
L,  bright-contrast  phase.  M,  Hormndendron,  750  X,  growing  tip  seen  with  oil  im- 
mersion phase  objective.  N,  O,  yellow  fever  viral  inclusion  bodies,  700  X  :  A",  bright- 
field.     0,  bright-contrast  phase.     (Councilman  body  at  the  left  of  center.) 
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metachromatic  and  volutin  granules,  while  the  harsher  contrast  of  the 
A—  type  obscures  the  detail  below  the  upper  layers  (Fig.  V.3,  J  and  K). 
Nuclear  behavior  in  stained  and  unstained  yeast  has  been  reported 
by  the  Lindegrens  (1947). 

Pathogenic  fungi  in  preparations  from  skin  and  hair  may  be  seen  to 
advantage  with  the  phase  microscope.  Alkali  clearing  is  not  always 
necessary.  Most  pathologists  working  in  this  field  have  preferred  the 
medium  dark  contrast  although  the  high  bright  contrast  is  useful  for 
locating  bits  of  mycelium.  The  flagellum  on  the  spore  of  Ashbya 
(Fig.  V.3,  A  and  B)  does  not  show  with  brightfield  because  the  micro- 
scope condenser  has  to  be  closed  too  much  for  resolution,  but  it  does 
show  with  the  full  aperture  of  the  phase  microscope. 

Mycelium  in  tissues  may  or  may  not  show  with  the  phase  micro- 
scope, depending  on  the  similarity  of  the  optical  paths.  Granted  equal 
visibility  with  the  tissue  cells,  identification  of  fungi  is  usually  easier 
because  the  granulation  and  other  structure  of  the  mycelium  are  clearly 
seen.  Sometimes  light  staining  and  the  phase  microscope  are  preferable 
to  brightfield  microscopy. 

A  special  diffraction  plate  (5B— 0.15X)  and  narrower  annulus  were 
developed  for  counting  mold  fragments  in  tomato  products.  The 
change  in  the  annulus  was  necessary  to  reduce  the  numerical  aperture 
of  the  16-mm  objective  to  include  the  greater  depth  of  the  Howard 
mold  chamber.  This  was  found  helpful  by  the  mycologists  who  depend 
on  the  structure  of  the  mycelium  for  identification,  but  others  who 
depend  solely  on  the  diffraction  image  of  the  mycelium  could  not  use 
phase  because  diffraction  patterns  were  not  visible. 

3.3.  Algae  and  higher  plants 

Considerable  detail  can  be  seen  in  living  diatoms,  desmids,  and 
similar  forms  and  in  some  even  after  formalin  fixation  (Fig.  V.4,  C  and  E). 
Mounted  diatoms  show  better  when  differences  in  refractive  index  and 
the  siliceous  shell  are  not  too  great  (Bennett  et  al.,  1946).  For  details 
at  the  limit  of  resolution  of  the  light  microscope,  electron  microscopy 
appears  more  promising.  The  phase  microscope  has  been  used  by 
Bonner  (1950)  in  a  study  of  polarity  in  a  shme  mold. 

Different  phase  objectives  are  useful  in  studying  the  details  of  the 
filamentous  algae.  In  living  Spirogyra  the  pyrenoids  show  better  with 
a  5B-0.25X  diffraction  plate,  the  protoplasmic  strands  with  a  high 
bright-contrast  (0.07A+0.25X),  and  the  vacuole  with  either  a 
0.2A±0.25X  low-contrast  diffraction  plate.  Chlorophyll-containing 
regions  usually  reveal  more  detail  with  the  B  —  diffraction  plate,  as  do 
algae  living  as  symbionts  within  lichens  or  protozoa.     Detail  suggestive 
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Fig.  V.4.     DapAma,  anterior  end,  200  X .     A,  brightfield.     S,  bright-contrast  phase. 
C-E,  Pediastrum,  750  X:   C,  brightfield.     D,  high  bright-contrast  phase.     E,  dark- 
contrast  phase.     F-H,  nematode  head,  100  X:    F,  brightfield.     G,  bright-contrast 
phase.     H,  high  darlc-contrast  (B  —  )  phase. 
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of  nuclear  behavior  has  been  seen  in  a  small  blue-green  alga  resembling 
Phormidium. 

Chromosomes  and  cytological  detail  in  Tradescantia  stamen  hairs  are 
better  seen  with  the  0.2A+0.25X  bright  and  the  2.5B-0.25X  dark 
contrast,  and  this  may  be  true  generally  for  plant  tissues.  The  middle 
lamella  and  other  details  in  wood  sections  can  be  seen  to  advantage  with 
the  phase  microscope,  with  or  without  staining.  Farr  (1946,  1949)  has 
used  phase  microscopy  on  cotton  structure.  At  present  most  of  the 
work  with  these  materials  has  been  in  the  industrial  field  (see  Section 
10  of  Chapter  VI). 

3.4.  Protozoa  and  higher  animals 

With  the  larger  protozoa  different  diffraction  plates  may  produce  the 
effect  of  differential  staining.  A  series  showing  some  of  the  possibilities 
with  Paramecium  hursaria  was  published  by  Richards  (1947c).  The 
nuclear  and  larger  inclusions  show  better  with  low-contrast  objectives, 
whereas  the  smaller  details,  cilia,  and  smaller  Protozoa  require  the  higher 
contrasts.  Pigmented  regions  and  symbiotic  algae  show  best  with 
B  —  diffraction  plates  in  varying  degrees  of  contrast. 

Formation  of  a  mucus-like  material  and  clubbing  of  the  ends  of  the 
cilia  when  locomotion  is  paralyzed  by  antisera  in  sensitized  P.  hursaria 
have  been  demonstrated  by  Harrison  and  Fowler  (1946).  Since 
colorless  and  green  individuals  were  used  as  natural  labeling  for  the 
sensitized  animals,  the  motion  picture  showing  the  reaction  was  made 
with  color  film.  Paralysis  from  serum  and  the  changes  following 
conjugation  are  visible.  Micronuclear  changes  from  ultraviolet  radia- 
tion have  been  reported  by  Kimball  (1949). 

Large  parasitic  protozoa,  such  as  Balantidium  coli,  usually  show  better 
with  low  bright  contrast  and  require  increased  contrast  for  the  internal 
details,  and  small  ones  like  Trichomonas  vaginalis  need  high  bright  con- 
trast, although  Zinser  (1947)  found  the  European  dark  (A—)  contrast 
useful.  Parasitic  protozoa  will  be  considered  in  some  detail  in  Section 
11.  The  malaria  parasite  of  the  duck  shows  well  with  the  phase  micro- 
scope (Trager,  1949). 

The  cells  in  Hydra  are  seen  with  low  bright-  or  dark-contrast  ob- 
jectives, and  the  nematocysts  show  better  with  the  high  bright-contrast 
phase  objective.  The  taxonomically  useful  details  of  gastrotrichs 
showed  to  advantage  with  a  0.07A+0.25X  bright  and  a  0.14A  — 0.25X 
dark  diffraction  plate.  Mites,  such  as  Byrohia,  are  too  nearly  trans- 
parent when  mounted  in  Clarite  for  bright  field  microscopy  but  are 
readily  seen  with  the  0.2A-0.33X  or  a  0.2A-0.25X  plate  in  the  16-mm 
phase  objective.     Similar  preparations  of  Daphnia  required  the  high 
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bright  contrast  for  the  detail  (Fig.  V.4,  .4  and  B).  A  nematode  was 
seen  best  with  5B  —  0.  IX  and  0.2A  +0.25X  diffraction  plates  in  the  16-mm 
objective  (Fig.  V.4,  F-H).  Chitwood  (1949)  found  the  phase  micro- 
scope helpful  in  his  revision  of  the  nematode  genus  Melodiogyne.  The 
hooks  on  an  acanthocephalid  showed  about  equally  well  with  the  A4- 
and  the  B  —  plates.  Penetration  glands  in  trematodes  were  investigated 
with  phase  by  Reid  (1948).  Small  insects  and  insect  parts  may  be 
examined  with  the  phase  microscope,  and  the  high  bright-contrast 
plates  may  facilitate  seeing  details  or  finding  the  parts  as  contaminants 
in  food.  Gregoire  and  Florkin  (1950)  examined  plasma  coagulation  of 
insect  plasma. 

Either  the  0.2A+0.33X  or  the  0.2A-0.25X  diffraction  plate  shows  the 
annulae  of  fish  scales,  whereas  the  J5  —  is  not  so  good  for  this  application. 
A  lower  magnification  than  the  16  mm  would  be  desirable  for  the  larger 
scales.  The  same  phase  plates  could  be  utilized  for  replicas  from  the 
scales. 

The  bat  wing  is  only  about  20  /x  thick,  too  transparent  for  brightfield 
microscopy.  Howe\'er,  when  mounted  with  paraffin  oil  between  glass, 
it  shows  considerable  detail  under  the  phase  microscope.  Low  and 
medium  contrast  A±  diffraction  plates  proved  useful  at  all  magnifica- 
tions. With  long-focus  condensers  and  suitable  mounts,  all  magnifi- 
cations of  phase  may  be  useful  on  transparent  chamber  preparations 
for  the  study  of  regenerating  tissue  and  atypical  growth.  B—  plates 
should  be  tried,  as  they  are  often  better  for  these  preparations.  Details 
from  higher  animals  will  be  discussed  in  following  sections. 

4.  CYTOLOGY 

The  phase  microscope  shows  detail  in  unstained,  salivary  gland 
chromosomes  (Fig.  V.5)  (Michel,  1941.  1950;  Richards,  1947c;  Schultz, 
1947).  Slight  staining  with  light  green  gave  somewhat  better  results, 
according  to  Schultz.  Pollster  and  Leuchtenberger  (1949)  found 
purified  methyl  green  specific  for  desoxypentose  nucleic  acid,  and  this 
staining  might  be  used  with  phase  microscopy.  The  effects  of  digestion 
and  of  electrolytes  on  chromosomes  have  been  seen  with  phase  micros- 
copy by  Kaufmann  (1949).  Salivary  gland  chromosomes  of  Chirono- 
mns  were  figured  by  Barer  (1947a).  Ludford  et  al.  (1948)  compared 
findings  with  ultraviolet  microscopy  and  observed  chromosome  behavior. 
Michel's  (1941)  phase  motion  picture  film  of  cell  division  in  the  grass- 
hopper set  a  new  level  for  cytological  study  (Duryee,  1948). 

For  chromosome  study  the  0.14A  — 0.25X  dark  contrast  has  been  pre- 
ferred, probably  because  it  more  nearly  resembles  the  picture  seen  with 
stained  material.     It  is  possible  to  see  chromosomes  in  dividing  cells  in 
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preparations  of  the  cornea  of  the  frog  and  rat  with  a  0.2A— 0.25X  dif- 
fraction plate,  although  the  overlying  cells  somewhat  obscure  the  detail, 
even  in  an  unstained  preparation.  Chromosome  movements  were 
measured  by  Hughes  and  Swann  (1948)  on  biframe  motion  picture  films 
made  with  phase  microscopy  to  show  the  chromosomes  and  with  polarized 
light  to  show  the  spindle.  These  films  appear  to  support  a  traction 
theory  of  chromosome  separation  in  embryonic  cells  of  the  chick. 
Enhanced  contrast  is  possible  from  combining  phase  contrast  with  that 
of  staining'^  (Fig.  IV.4).  By  combining  phase  and  polarization  cine- 
microscopy  Hughes  and  Fell  (1949)  were  able  to  see  both  the  chromo- 
somes and  the  spindle  during  mitosis. 


Fig.  V.5.     Drosophila  salivary  gland  chromosomes,  fixed  unstained  smear  mounted 
in  Clarite,  650  X.     f-icft,  brightfield.     Center,  bright-contrast  phase.     Right,  dark- 
contrast  phase. 


Mitochondria  and  tonofibrils  were  described  by  Albertini  (19466). 
Jones  (1947c;  19486)  combined  phase  with  staining  methods  for  the 
analysis  of  mitochondrial  behavior  in  embryonic  blood  cells  of  the  rat. 
He  preferred  medium  l)right  and  dark  (A  —  )  contrasts  for  unstained, 
fixed  cells  and  the  2.5B— 0.25X  for  Soudan  Black  stained  preparations. 
Ludford  et  al.  (1948)  recommended  phase  for  observing  mitochondria. 
The  mitochondria  of  flattened  tissue  culture  cells  show  especially  well 
(Firor  and  Gey,  1947). 

The  Golgi  apparatus  shows  in  enlargements  of  the  epithelial  tissue 
figured  by  Eichards  (19446).  Brice  et  al.  (1946)  discovered  this  ap- 
paratus in  smears  from  the  seminal  vessicle  of  Lumbricus,  and  Oettle 
(1948)  saw  it  in  the  testicular  cells  of  man.  Jones  (1947a,  19486)  and 
Corti  (1948)  reported  seeing  the  Golgi  apparatus,  but  Zollinger  (1948c) 
failed  to  find  it.  Baker  (1949)  preferred  dark  (A  —  )  contrast  for  the 
examination   of   this   and   recommends  calling  it,   instead,   the   Golgi 
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Fig.  V.6.     Liver  tissue,  unstained,  deparaffined  section  mounted  in  damar,  750 X. 
Arrows  mark  inclusion  body  in  nucleus  (C,  E)  that  does  not  show  in  brightfield  (B), 

and  comparable  details  in  A  and  D. 
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element.  Gatenby  and  Moussa  (19-49)  have  studied  this  in  dorsal  root 
ganglia. 

Thorell  (1947)  used  the  phase  microscope  with  an  auxiliary  lens  for 
the  measurement  of  cell  thickness.  Jones  (1947c)  recommends  phase 
microscopy  for  optical  sectioning  to  determine  in  which  layer  of  a  cell 
the  inclusions  are  arranged.  A  pattern  resembling  the  ridges  of  finger- 
prints was  found  on  the  surface  of  epithelial  cells  by  Albert ini  (19466), 
Baud  (1947),  and  Ralph  (1947).  Bejdl  (1949)  interprets  these  as  the 
remains  of  intercellular  bridges,  as  did  Chambers  and  de  Renyi  (1925). 
Richards  (1949r/)  exibited  phase  stereophotomicrographs  of  these  ridges 
and  of  various  kinds  of  cells  showing  the  three-dimensional  distribution 
of  cellular  content  of  nerve  fibers  and  capillaries  in  tissues.  Nissl  bodies 
have  been  studied  by  Hoessley  (1947)  and  Albertini  (1948)  (see  also 
Section  6).  Cellular  details  seen  with  phase  and  ultraviolet  micros- 
copy have  been  compared  by  Ludford  et  al.  (1948).  Dedifferentiation 
of  cells  has  been  reported  by  Albertini  (194()6). 

Details  may  be  seen  in  tissue  sections  (Fig.  V.())  when  the  section  is 
not  too  thick.  If  the  material  is  embedded  in  paraffin  it  is  necessary 
to  remove  it  before  examination  (see  also  Fig.  VI.l ).  Albumen  embed- 
ding proposed  by  Wilson  (1942)  should  be  useful  in  phase  microscopy. 

A  most  impressive  application  of  the  phase  microscope  for  the  elucida- 
tion of  cellular  structure  and  behavior  is  seen  in  the  motion  pictures  of 
Michel  (1941),  Firor  and  Gey  (1947),  Fell  and  Hughes  (1949),  Hughes 
and  Preston  (1949),  and  Hughes  and  Swann  (1948).  The  changes  in 
the  chromatin  as  the  chromosomes  form  and  divide  and  of  the  cyto- 
plasmic constituents  show  clearly  in  Michel's  film.  Unfortunately  the 
dark  (A  —  )  contrast  did  not  show  the  spindle  fibers.  Other  types  may 
do  so  and  should  be  tried.  A  film  combining  phase  and  polarization 
microscopy  in  successive  frames  and  showing  both  chromosomes  and 
spindle  fibers  is  reported  by  Hughes  and  Swann  (1948).  Gey  reports 
special  advantage  from  study  with  phase  of  the  cell  membrane  during 
division. 

5.  KILLING  AND  FIXATION 

For  many  years  microscopists  have  differed  as  to  how  well  the  usual 
killing  and  fixing  technics  retain  the  detail  of  the  living  cell,  or  whether 
artifacts  are  produced.  The  transparency  of  living  cells  prevented  clear 
observation  of  them  by  brightfield  methods  in  most  cases.  Buchsbaum 
(1947,  1948)  examined  salamander  macrophages  in  living  tissue  cultures 
with  the  phase  microscope  and  then  studied  the  changes  after  fixation 
and  staining.  Photomicrographs  were  made  for  record.  Acetic  acid 
containing  fluids  (Bouin's  and  Carnoy's)  caused  cytoplasmic  distortion. 
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Formalin,  especially  neutral  or  alkaline  (10%),  was  better,  and  the  Zen- 
ker-formol-osmic  fluids  gave  fixed  images  resembling  the  living  cell  most 
closely.  Hoessley  (1947)  investigated  killing  agents.  Chromosome 
changes  with  fixation  were  described  by  Schultz  (1947). 

Oliver  (1948)  watched  the  fixation  of  isolated  cells  and  reported  a 
sharpening  of  detail  in  the  structure  as  the  protoplasmic  elements  became 
denatured.  He  also  stated  that  ".  .  .  it  can  be  definitely  ol)served  while 
the  process  is  occurring  under  the  eye  that  no  structures  similar  to  rods 
or  droplets  result  as  artifacts  or  products  of  fixation  ..."  with  weak 
formalin  treatment.  Barer  (19486)  shows  photomicrographs  of  living 
and  fixed  salamander  testis.  Crawford  and  Barer  (1949)  used  formalin 
fixation  of  li^'ing,  teased  cells  from  Salamandra  niacidosa  and  reported 
shrinkage  first,  followed  by  swelling  and  exudation  of  bubbles.  The 
addition  of  saline  reduced  the  swelling.  Whether  the  same  condition 
prevails  in  blocks  of  tissue  is  imcertain.  Detailed  studies  on  cellular 
death  were  reported  by  Zollinger  (1948(/).     (See  also  Peters  et  al.,  1950.) 

Haselmann  (19486)  believes  that  better  detail  can  be  seen  in  fibrils 
and  membranes  with  the  phase  microscope  after  staining.  This,  he 
states,  may  be  due  to  luminescence,  refraction,  or  total  absorption  of 
the  dye.  Observations  with  diffraction  plates  other  than  those  available 
in  the  Zeiss  equipment  should  clarify  these  relations.  With  very  small 
specimens,  as  with  bacteria,  staining  procedures,  especially  metal  im- 
pregnation methods,  increase  the  size  of  the  organism  and  may  make 
observation  possible  with  the  light  microscope.  Combined  fixing,  stain- 
ing, and  mounting  media  (Zirkle,  1940)  should  be  tried  both  with  and 
without  the  stain. 

6.  EMBRYOLOGY  AND  HISTOLOGY 
6.1.   Embryology 

The  structures  of  spermatozoa,  usually  re\'ealed  by  staining,  may  be 
seen  in  unstained  living  cells  with  the  phase  microscope.  Study  of 
motion  and  counting  may  be  done  to  advantage  with  medium  bright 
contrast,  and  structure  may  be  observed  with  dark  contrast.  Farris 
(1947,  1948n,  h)  has  made  motion  pictures  of  normal  and  atypical  sperm 
and  their  locomotion  which  provide  basic  information  for  alleviating 
human  infertility.  An  early  sperm  phase  photomicrograph  is  to  be 
found  in  Smith  (1946). 

Fertilization  and  early  development  of  the  rat  has  been  studied  by 
Austin  and  Smiles  (1948)  and  by  Odor  and  Blandau  (1949).  At  the 
1949  meeting  of  the  American  Association  of  Anatomists,  Odor  and 
Blandau  exhibited  remarkable  photographs  showing  the  sperm  within 
the  egg.     Albertini    (1947)   reported  phase  microscopy  helpful  in  the 
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examination  of  mesoderm  formation  in  the  guinea  pig.  Photographic 
records  of  the  development  of  nerve  cells  of  the  5-day  chick  embryo  were 
made  by  S.  C.  Williams  (1949a,  h)  over  a  2-week  period. 

6.2.  Histology 

The  epithelial  cells  of  the  tongue  and  the  inner  lining  of  the  cheek  have 
been  the  regular  test  object  for  phase  microscopy  because  of  their  un- 
limited availability  and  ease  of  preparation.  Almost  all  the  earlier 
papers  have  pictured  them,  either  with  or  without  bacteria,  but  owing 
to  the  differences  in  the  reproductions  (screen  and  paper  quality)  it  is 
not  possible  to  compare  the  efficiencies  of  the  various  methods  from  the 
published  illustrations  (see  Section  4  of  Chapter  V).  Richards  (1944) 
examined  the  epithelium  from  the  nictitating  membrane  of  the  frog, 
which  is  easily  prepared  and  offers  more  detail  than  the  squamous  epi- 
thelial cells  from  the  mouth.  Improved  resolution  with  ultraviolet  phase 
microscopy  was  demonstrated  by  Bennett  et  al.  (1948).  Chase  and 
Smith  (1949)  reported  the  B—  dark  contrast  valuable  for  study  of  pig- 
ment in  hair.  Zahn  and  Haselmann  (1950)  have  examined  the  middle 
membrane  in  hair. 

Frauchiger  (1940)  examined  the  choroid  plexus  in  Tyrode's  solution 
and  concluded  that  the  phase  microscope  should  be  useful  in  neurology 
and,  with  toluidin  blue,  should  help  to  explain  the  function  of  the 
plexus.  Brain  tissue  of  several  animals  was  studied  by  Hoessley  (1947) 
with  brightfield,  phase,  and  ultramicroscopy.  He  believed  that  all  the 
methods  would  provide  new  conclusions.  A  structure  was  reported  to 
appear  after  death  that  resembled  the  Nissl  body  and  might  be  a  pre- 
cursor of  it.  Fixation  changes  were  also  investigated.  Gatenby  and 
Moussa  (1949)  have  examined  dorsal  root  ganglion  cells,  and  Peters  et 
al.  (1950)  have  studied  dendrites.  Thomas  (1947)  described  a  beaded 
appearance  observed  in  the  motoneurones  of  Helix  that  was  distiu'bed 
on  fixation  and  found  very  small  granules  which  he  proposes  calling 
microneurosomes.  He  believes  that  one  of  the  prime  advantages  of  the 
phase  microscope  is  the  revelation  of  smaller  granules  than  can  be  seen 
with  other  microscopical  methods.  S.  C.  Williams  (1949a,  b)  followed 
nerve-cell  development  of  chick  embryo  tissue.  (See  also  Section  6.1.) 
The  islet  tissue  of  Langerhans  has  been  examined  by  Hartroft  (1950). 

The  middle  and  Krause's  membranes  of  unstained  muscle  fibers  were 
seen  by  Albertini  (194G6),  and  Ralph  (1949)  has  photographed  even 
smaller  details  within  the  muscle  cell  with  the  phase  microscope.  Con- 
nective tissue  was  examined  early  in  the  history  of  phase  microscopy  by 
Loos  (1941a).  A  diffraction  plate  of  greater  contrast  (O.IA  — 0.25X) 
shows  the  elastic  and  gelatin-containing  fibers  better  than  the  usual 
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transmission.  Cartilage  shows  organized  structure  when  unstained  and 
considerably  more  detail  after  light  staining  with  toluidin  blue.  The 
IB— 0.25X  phase  objective  is  preferable  for  stained  connective  tissue. 
Bensley  (1950)  has  a  phase  picture  of  the  intercellular  substance  in 
loose  connective  tissue. 

Blood  may  be  examined  without  staining  as  the  phase  microscope 
shows  fine  detail  in  the  leucocytes  and  transition  cells.  Hematologists 
prefer  a  medium  dark  (A  —  )  diffraction  plate  for  fresh  smears,  but  the 
IB— 0.25X  plate  shows  better  color  contrast  and  detail  in  supravitally 
stained  blood.  Brecher  (1948,  1949)  used  phase  microscopy  for  the 
examination  of  reticulocytes,  and  Hoffman  and  Rottino  (1950)  discuss 
the  progressive  cytolysis  undergone  by  reticulocytes  in  Hodgkin's 
disease  leading  to  Sternberg-Reed  cells.  Radiation  effects  on  blood 
were  studied  by  Dickie  and  Hempelmann  (1947).  Phase  microscopy 
is  helpful  in  counting  platelets  in  a  shallow  0.05-mm  hemocytometer 
using  Feissly's  (1948)  diluting  fluid  of  cocaine  HCl  3  grams,  NaCl  0.20 
gram,  in  100  cc  Aq.  dest.  (See  also  Ralph,  1950.)  Jones  (1947a,  6,  c. 
1948o,  b)  has  made  effective  use  of  the  phase  microscope  in  the  study  of 
blood-cell  development  of  the  rat  embryo  with  especial  reference  to  mi- 
tochondria and  nuclear  details.  Moeschlin  (1949),  on  comparing  phase 
microscopy  with  the  usual  methods  of  examination  of  stained  blood 
smears,  concluded  that  the  former  yields  new  information  of  diagnos- 
tic importance.  Bessis  (1949a,  h)  and  Bessis  and  Bricka  (1949)  have 
published  an  atlas  of  blood-cell  phase  pictures.  They  have  also  com- 
bined phase  microscopy  with  shadowcasting  technics  to  increase  con- 
trast. Ludin  (1947,  1948,  and  in  the  discussion  of  Aloeschlin,  1949)  has 
found  phase  microscopy  useful  for  study  of  motion  of  cells  and  of  divid- 
ing cells  such  as  neuterophil  leucocytes  and  megaloblasts.  Feissly  and 
Ludin  (1949)  discuss  hemolysis  and  the  transformation  of  thrombocytes 
as  seen  with  phase  microscopy.  Bolen's  method  has  been  examined  b}^ 
Lind  and  Ashley  (1950).  Other  possibilities  with  the  phase  microscope 
for  tissue  structure  will  be  discussed  under  pathology.  Kohler  and 
Loos  (1941)  and  Crossmon  (1950)  recommend  phase  for  counting  cells 
in  a  hemocytometer. 

The  ash  from  microincineration  of  a  tissue  section  is  distinctly  more 
visible  with  medium  bright  or  low  B—  contrast  phase  objectives. 

Very  transparent  tissues,  like  the  vitreous  body  of  the  eye,  are  seen 
with  the  phase  microscope  to  be  composed  of  fibers,  cells,  and  media  of 
different  optical  densities.  Very  fresh  corneas  show  the  epithelium  and 
mesothelium  but  little  detail  in  between.  The  tissue  soon  deteriorates, 
as  an  isosmotic  mounting  fluid  for  the  epithelium  is  not  correct  for  the 
mesothelium,  and  then  fibers  and  nerve  cells  may  be  seen  as  the  tissue 
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Fig.  V.7.     Kidney  tissue  in  mounting  media  of  different  refractive  index,  400  X. 
Note  reversal  in  1.55  index  fluid.      (See  text.) 
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changes.  The  phase  microscope  is  appropriate  for  preserved  as  wall  as 
for  unstained  hving  tissues,  because  poorly  staining  fibers  to  the  lens  are 
readily  seen  in  mounted  sections. 

The  information  obtained  with  phase  microscopy  on  unstained 
preparations  has  included  much  that  was  known  previously,  and  in 
addition  an  histology  of  li^'ing  tissues  is  evoh'ing.  By  changing  the 
refractive  index  of  the  mounting  medium,  the  contrast  may  be  controlled 
so  that  certain  features  show  well  while  the  visibility  of  others  is  sup- 
pressed (see  Section  3.2  of  Chapter  IV).  Some  of  the  changes  possible 
are  shown  in  Fig.  V.7.  Several  diffraction  plates  may  be  required  to 
fully  comprehend  a  specimen.  Kef  erring  to  the  nephron,  Oliver  (1948, 
p.  188)  wrote:  ".  .  .  these  illustrations  emphasize  the  necessity  of  the 
use  of  varying  phase  contrasts  in  the  examination  of  a  tissue  if  one  is  to 
feel  confident  that  he  has  seen  all  of  the  structural  detail  within  the 
specimen." 

7.  TISSUE  CULTURE 

The  cells  of  tissue  cultures  are  especially  well  suited  for  examination 
with  the  phase  microscope  because  they  are  too  transparent  for  bright- 
field  and  the  path  differences  are  rather  small  for  darkfield.  Prepara- 
tions can  be  studied  in  many  of  the  standard  culture  dishes  with  a 
long-focus  microscope  condenser.  Hollow-ground  slides  are  contra- 
indicated.  Because  of  the  curvature,  only  the  cells  at  the  top  of  roUei- 
tubes  can  be  seen  clearly.  With  the  thicker  vessels  more  care  is  re- 
qviired  in  centering  the  equipment  because  of  the  wedge  effect  caused  by 
local  surface  irregularities  and  lack  of  parallelism  of  the  sides  of  the 
flasks  (see  Section  3.1  of  Chapter  IV). 

Living  spirochetes  of  syphilis  in  tissue  cultures  of  testicular  cells  have 
been  seen  with  phase  by  Perry  (1948).  The  increased  detail  seen  with 
the  phase  microscope  is  most  effectively  demonstrated  in  the  motion 
pictures  by  Firor  and  Gey  (1947)  and  by  Danes  (1949),  which  were 
discussed  in  Section  4  of  Chapter  V. 

For  the  16-mm  objective  the  0.2A+0.33X  diffraction  plate  has  been 
preferred  for  the  examination  of  tissue  cultures.  With  the  4-mm 
objective,  low  and  medium  A±  contrast  and  low  B  —  contrast  have  been 
chosen  for  this  application.  Some  investigators  would  add  the  high 
bright  contrast  (0.07A+0.25X)  to  the  list  for  the  oil  immersion  objec- 
tive.    (See  also  Ludford  and  Smiles,  1950;  Sylven,  1950.) 

8.  EXAMINATION  OF  SURFACES 

Opaque  materials  including  some  tissues  can  be  examined  with  the 
phase  vertical  illuminator  when  they  have  good  reflectivity  (see  Section  8 
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of  Chapter  VI).  Other  surfaces  can  be  examined  indirectly  with  the 
ordinary  phase  microscope  by  first  preparing  a  repHca  of  the  surface 
(Section  3.1  of  Chapter  IV).  Large  specimens  like  fossils,  teeth,  etc., 
can  be  polished  and  thick  cellulosic  replicas  obtained.  Thinner  and 
more  delicate  living  materials  require  a  thinner  membrane  technic 
like  that  used  by  Wolf  (1948)  and  by  Fishbein  (1950).  Considerable 
detail  may  be  seen,  and  such  study  is  often  helpful  before  turning  to  the 
higher  resolution  of  the  electron  microscope  for  finer  detail.     Keplicas  of 


Fig.  V.8.     Replica  from  fossil  wood,  135 X.     A,  brightfield.     B-D,  phase 

photomicrographs . 


fish  scales  should  show  more  detail  by  phase  microscopy.     The  study  of 
hair  will  be  considered  later  (Section  10  of  Chapter  VI). 

A  cellulose  acetate  replica  of  a  polished  piece  of  fossil  wood  obtained 
through  the  courtesy  of  Dr.  H.  N.  Andrews  from  the  Missouri  Botanical 
Garden  is  shown  in  Fig.  V.8.  Brightfield  shows  detail  due  to  the 
adherence  of  microscopic  bits  of  the  rock.  The  pigmented  parts  show 
better  with  the  IB  — 0.25X  diffraction  plate,  and  the  cellular  details 
appear  dark  with  the  A+  and  bright  with  the  A—  diffraction  plates 
because  the  material  of  the  replica  was  of  lesser  refractive  index  than  the 
Clarite  mounting  medium.  The  woody  structure  is  quite  clear.  Fur- 
ther polishing  and  making  of  replicas  will  make  serial  sectioning  possible, 
and  the  detail  can  be  kept  by  the  replicas  even  though  the  original 
specimen  is  destroyed  by  the  preparation  method. 
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9.  HAY  TRACKS  AND  RADIOAUTOGRAPHS 

The  tracks  in  a  developed  photographic  emulsion  after  exposure  to 
cosmic  or  other  radiation  consist  of  fine  lines  of  silver  grains.  Since 
there  is  usually  considerable  contrast  between  the  dark  silver  grains 
and  the  rest  of  the  emulsion,  less  increase  of  contrast  might  be  expected 
from  phase  microscopy.  The  short  side  paths  of  proton  tracks  and  other 
regions  of  slight  silver  deposit  do  show  better  with  a  0.14A— 0.25X 
or  a  IB— 0.25X  diffraction  plate.  Some  investigators  prefer  to  reverse 
the  contrast  of  the  silver  particles  from  dark  to  bright  with  an  A+  phase 
objective,  because  the  eye  is  more  sensitive  to  small  bright  regions  on  a 
dark  background  than  to  dark  regions  on  a  bright  background.  When 
yeast,  bacteria,  or  other  organisms  are  included  in  the  emulsion  they 
show  better  with  phase  than  with  a  l)rightfield  microscope. 

A  radioautograph,  or  autoradiograph,  is  formed  when  a  section  of 
tissue  containing  radioactive  materials  is  placed  in  contact  with  a 
photographic  emulsion  in  the  dark  for  a  period  of  time  and  subsequently 
developed.  The  ray  tracks  show  in  the  emulsion,  and  the  problem  is  to 
locate  their  origin  with  reference  to  the  tissue  elements.  The  develop- 
ment process  in  strong  alkaline  solution  tends  to  lessen  the  visibility  of 
the  tissue,  and  the  decreased  visibility  of  the  tracks  in  the  emulsion 
under  a  stained  tissue  is  undesirable.  Tissues  mounted  in  balsam  are 
too  transparent  for  analysis,  and  in  glycerin  jelly  and  other  aqueous 
media  the  contrast  is  so  great  that  the  tracks  are  not  seen  with  the  phase 
microscope.  The  dilemma  is  resolved  by  means  of  a  transparentizing 
medium  of  the  proper  refractive  index  to  reveal  the  tissue  pattern  and 
yet  not  obscure  the  ray  tracks.  One  solution  is  Groat's  organic  phos- 
phate mixtures  described  in  Section  3.2  of  Chapter  IV;  for  example,  a 
mixture  of  about  1.528  refractive  index  was  satisfactory  for  kidney 
tissue. 

The  8-mm  objective  is  preferable  as  it  has  enough  resolving  power  to 
show  the  organization  of  the  tissue  and  enough  depth  of  field  to  show 
both  the  tissue  and  track  levels.  The  medium  dark  A—  contrast  has 
been  found  useful  (Fig.  V.9).  With  15  X  to  20X  oculars,  or  by  subse- 
quent enlargement  of  a  photomicrograph,  adequate  magnification  may 
be  obtained.  With  objectives  of  greater  aperture  the  depth  of  field 
may  not  be  adequate  to  show  the  tissue  and  the  tracks  simultaneously. 
Photomicrographs  can  be  made  also  by  divided  exposure.  Expose  at 
the  tissue  layer  for  one-half  to  two-thirds  of  the  total  exposure  required, 
tiu'n  the  fine  adjustment  the  amount  previously  determined  to  focus  at 
the  track  level,  and  expose  for  the  remainder  of  the  required  time.  Since 
the  path  of  the  rays  in  the  emulsion  is  often  not  parallel  with  the  surface, 
stereophotomicrographs  with  bright  or  dark  contrast  phase  may  be 
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Fig.  V.9.     Radioautographs  of  polonium  in  tissue,  250  X  and  500  X .     Preparation 
courtesy  of  George  A.  Boyd  and  the  Atomic  Energy  Project. 
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required.  Viewing  a  picture  made  with  an  objective  of  high  resolution 
of  the  tissue  superimposed  on  a  picture  of  the  tracks  with  a  stereoscope 
may  be  helpful.  Another  method  is  to  combine  two  pictures,  one  at 
the  tissue  and  the  other  at  the  track  level  (Boyd,  1947;   Herz,  1950). 

10.  PHYSIOLOGICAL  APPLICATIONS 

The  increased  visibility  Avith  phase  microscopy  makes  possible  many 
experiments  with  living  processes  that  were  not  possible  with  brightfield 
methods.  One  of  the  most  spectacular  teaching  demonstrations  is  the 
cyclosis  of  the  cells  of  the  epithelium  from  the  inner  scales  of  an  onion 
bulb.  With  the  0.2A±0.25X  diffraction  plate  one  can  see  the  plastids, 
mitochondria,  and  other  cell  constituents  pass  in  review.  The  use  of 
other  materials  like  Elodca  and  Nitella  are  possible  although  the  green 
chlorophyll  obscures  the  more  transparent  constituents.  Amoeboid 
movement  is  of  interest  because  the  ecto-endoplasm  boundaries  show 
clearly.  Protozoa  or  cells  from  the  clam  gill  are  suitable  for  ciliary 
motion  study.  Changes  from  paralysis  by  sensitive  serum  have  been 
described  for  P.  hursaria  (Section  3.2).  The  effects  of  drugs  and  other 
agents  on  motion  may  be  followed  under  the  phase  microscope. 

Sol-gel  reversals  and  concentration  gradients  may  also  be  observed. 
Starch  hydrolysis  and  other  digestive  changes  can  be  studied.  The 
changes  in  fibers  between  feed  and  feces  may  be  seen.  Chemical  and 
vitamin  effects  may  be  observed.  Growth  changes  in  microorganisms 
can  be  followed  in  permanent  records  when  phase  motion  picture  films 
are  made.  Microorganisms  may  be  used  in  testing  the  potency  of  drugs 
for  pharmacology.  Evaluation  of  radiation  effects  is  aided  by  phase 
microscopy  (X-ray,  Chase  and  Smith,  1949;  ultraviolet,  Kimball,  1949). 
In  fact,  a  broad  field  is  opened  by  phase  microscopy  for  the  study  of 
function. 

11.  MEDICAL  APPLICATIONS 

No  sharp  distinction  is  possible  between  experimental  biology  and 
medicine  other  than  the  aim  of  the  in\'estigation.  Much  of  what  has 
been  written  before,  especially  on  microorganisms  and  histology,  is  of 
equal  interest  to  those  in  the  field  of  medicine.  Yet  certain  types  of 
microscopy  are  more  apt  to  be  selected  with  respect  to  disease.  These 
will  now  l)e  considered. 

Much  of  the  laboratory  woi'k  of  clinical  diagnosis  can  be  lightened  by 
phase  microscopy.  Urine  sediments  and  casts  can  be  seen  more  clearly 
with  the  phase  microscope  (Gradwohl,  1948;  Magliozzi,  1948).  Vaginal 
smears  can  be  examined  without  staining,  as  suggested  by  Albertini 
(1948),  by  Culiner  and  Gluckman  (19486),  and  by  Kunge  et  al.  (1949). 


220  PHASE   MICROSCOPY   IN    BIOLOGY   AND    MEDICINE 

Zinser  (1947)  recommends  phase  microscopy  for  the  diagnosis  of 
trichomonas  in  fresh  moimts  of  vaginal  secretion.  FertiUty  problems 
involving  sperm  are  aided  by  information  obtained  with  the  phase 
microscope  (Farris,  1948,  1950). 

Many  parasites  such  as  fungus  mycelium  in  skin  scrapings, 
irypanosomcs,  and  other  organisms,  can  be  seen  to  advantage  Avith  the 
phase  microscope.  Large  unencysted  forms,  like  B.  coli,  show  better 
with  low  bright  contrast,  and  smaller  ones  with  medium  or  high  con- 
trast. The  sporozoites  of  malaria  can  be  seen  in  the  stomach  of  the 
moscjuito  Aedes  cgypii  with  a  medium  bright  A+  contrast  phase  oil 
immersion  objective  (Fig.  V.IOE'),  and  trophozoites  show  in  human 
blood  smears  (Fig.  \.\QF),  with  this  and  with  the  dark-contrast 
objectives  (Richards,  1947).  Endamoeha  histolytica  and  Endolimax 
nayia  can  be  seen  with  low  contrast  Adz  diffraction  plates  although  the 
protoplasm  of  the  parasitic  forms  is  denser  and  they  do  not  show  as 
well  as  free  living  Protozoa.  Encysted  forms  are  more  easily  found  with 
the  2.5B-0.4X  dark  and  the  0.07A+0.25X  bright  contrasts,  and  for 
some  of  these  the  A—  dark  contrast  is  unsatisfactory  (Fig.  V.IO, 
A  and  D). 

The  phase  microscope  was  used  early  by  Albertini  (1946-1948)  for 
the  investigation  of  tumors.  He  even  devised  a  suitable  mounting  fluid 
for  the  study  of  cells  from  tumors  (Section  3.2  of  Chapter  IV)  and 
reported  that  the  same  details  could  be  seen  in  the  unstained  living  cells 
with  phase  as  after  staining  with  brightfield  microscopy.  In  addition 
fresh  material  was  preferred  for  diagnostic  procedures.  Cells  were 
found  in  body  fluids  and  exudates.  Albertini  described  dedifferentia- 
tion,  disorganization  and  regenerative  processes. 

Oliver  et  al.  (1947)  and  Paff  et  al.  (1947)  examined  tumor  scrapings 
and  tissue  cultures  of  tumor  materials.  With  the  phase  microscope 
granules  could  be  followed  in  the  living  cells  which  they  believe  are 
concerned  with  heparin  formation.  The  material  came  from  a  spon- 
taneous mast  cell  tumor  in  a  dog.  The  same  granules  were  seen  in 
tissue  cultures  from  such  tumors. 

Zollinger  (1948a)  compared  findings  with  lirightfield  and  phase 
microscopy  and  began  a  series  of  studies  on  normal  and  atypical  tissues. 
Blister  formation,  called  potocytolysis,  was  reported  along  with  observa- 
tions on  the  cell  membrane  (Zollinger,  19486).  The  effects  of  fixing 
agents  and  other  chemicals  were  tested  on  resting  and  di\'iding  cells. 
Formalin,  acids,  alcohol,  and  acetone  caused  the  nucleus  to  appear 
brilliant  (more  refractile),  whereas  alkali,  M  NaCl,  and  distilled  water 
turned  it  hazy.  The  nuclear  membrane  was  thought  not  to  be  dissolved 
during    mitosis.     In    another    paper    Zollinger     (,1948e)    investigates 
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Fig.  V.IO.     A-D,  cysts  of  Giardia  lamhlia,  1000  X.     E,  malaria  in  tissue  of  mosquito 
stomach,  500  X.     F,  malaria  in  human  red  blood  cell,  1250  X.     All  unstained. 
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cytology  of  dying  and  dead  cells,  especially  with  respect  to  the  nuclear 
changes.  Cole  (1948)  discussed  the  value  of  the  phase  microscope  in 
the  investigation  of  the  osteopathic  lesion.  Flotation  methods  are 
described  by  Fawcett  et  al.  (1950)  for  separating  malignant  cells  from 
blood  and  serous  fluids. 

Larger  tiunor  cells  and  cytoplasmic  detail  are  seen  best  with 
0.35A±0.25X  to  0.2A±0.25X,  smaller  cells  and  nucleoli  with 
0.2-0.14A±0.25X,  mitochondria  with  0.07A+0.25X,  and  small  gran- 
ules with  0.2A+0.1X  diffraction  plates. 

Leprosy  bacteria  from  treated  cases  appear  different  from  those  from 
florid  cases,  and  aggregations  of  bacteria  in  globi  are  described  by 
Richards  and  Wade  (1949).  Phase  microscopy  in  hematology  was 
discussed  in  Section  4  of  this  chapter.  Its  application  in  pathological 
cytology  is  promising  as  demonstrated  by  Dustin  (1949)  for  pycnonecrosis 
or  nuclear  destruction  studies,  as  well  as  in  showing  changes  from 
irradiation  and  radiomimetic  poisons.  The  pathologist  can  examine 
small  cellular  granulations,  especially  with  the  B  —  dark-contrast  phase 
objectives,  and  can  often  distinguish  autolysis  from  degeneration. 

Thus,  the  use  of  the  phase  microscope  in  investigative  medicine 
promises  the  development  of  improved  methods  that  will  become  routine 
in  clinical,  forensic,  and  laboratory  medicine.* 

*  Dustin  (1949,  p.  84)  has  also  predicted:  "II  nous  parait  que  la  microscope  de 
phase  deviendra  un  outil  d'utilization  courante,  taut  dans  la  recherche  qu'en  prac- 
tique  medicale." 


CHAPTER   VI 


INDUSTRIAL  APPLICATIONS   OF  PHASE 

MICROSCOPY 

The  technics  and  materials  of  industry  no  longer  are  separated  from 
those  in  other  fields.  Although  this  chapter  concerns  materials  from  an 
industrial  viewpoint  much  of  it  will  he  of  interest  to  others;  likewise, 
parts  of  the  previous  two  chapters  will  be  useful  to  industrial  micros- 
copists.     All  three  chapters  should  be  read  for  a  complete  understanding. 

The  visualization  of  transparent  materials  with  small  differences  in 
refractive  index,  or  of  slight  absorption  or  pigmentation,  is  helpful  in 
industrial  microscopy  for  the  identification  of  materials  and  impurities 
therein,  for  the  control  of  processing,  such  as  salting-out,  homogenization, 
solution,  dispersion,  polishing,  and  for  the  examination  of  surfaces  and 
changes  in  them  from  weathering  and  abrasion. 

1.  CHEMICALS,  CRYSTALS,  AND  MINERALS 

Transparent,  uncolored  crystals  having  a  slight  difference  in  refractive 
index  from  their  surround,  or  mother  lic[uor,  may  be  seen  clearly  with 
the  phase  microscope  when  they  are  too  transparent  for  bright  field 
microscopy.  Because  of  the  increased  \'isibility,  form  and  size  may  be 
determined  to  a  degree  of  smallness  beyond  the  capability  of  the  bright- 
field  microscope.  Larger  crystals  show  better  with  low-contrast 
(0.2A±0.25A)  and  the  smallest  visible  ones  with  high-contrast 
(0.07A±0.25X)  diffraction  plates.  Both  bright  and  dark  contrast  are 
useful,  and  the  choice  usually  depends  on  the  conditions  and  needs  of 
the  examination  (see  the  suggestions  in  Chapter  R^). 

Microcrystals  of  parafhn  from  isopropyl  alcohol  (Fig.  VI.l,  E  and  F) 
are  of  interest.  Since  the  crystals  are  very  small,  only  the  rolled  edges 
show  with  polarized  light,  and  these  were  mistakenly  interpreted  to  be 
acicular  crystals.  With  phase  they  appear  as  thin  plaques  with  a 
hexagonal  symmetry,  which  is  more  suitable  for  waxing  paper  and  other 
materials.  The  thin  plates  of  |S-naphthol  are  readily  seen  (Bennett, 
1946),  and  stereophasephotomicrographs  of  them  showed  small  spicules 
of  interest  in  filtration  procedures  (Fig.  IV.6-B). 

Emulsions  of  other  than  densely  pigmented  materials  show  well  with 
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the  phase  microscope.  Water-in-oil  emulsions  are  generally  revealed 
Avith  0.2A+0.25X  and  0.14A  — 0.25X  diffraction  plates  in  the  oil  im- 
mersion objective,  and  oil-in-\vater  emulsions  are  often  seen  better 
with  0.2A+0.25X  and  2.5B— 0.25X  diffraction  plates.  In  some  cases, 
especially  when  measurement  is  to  be  made,  the  0.14A— 0.25X  plate  is 
preferable.  To  arrest  the  Brownian  and  other  movements  usually 
encountered  with  these  preparations,  photomicrographs  are  reciuired 
and  the  measurements  made  on  the  photographs.  Suggestions  for  mak- 
ing preparations  are  given  in  Sections  3.3  and  3.6  of  Chapter  IV  (see  also 
Section  3  of  this  chapter).  Phase  identification  is  possible  and  sol-gel 
reversals  may  be  examined  with  the  phase  microscope. 

Refractive  index  determination  is  more  sensitive  when  a  phase  ob- 
jective is  used.  Differential  visual  contrast  may  be  obtained  by  mount- 
ing the  specimen  in  a  medium  of  proper  index  (see  Section  3.2  of  Chap- 
ter IV). 

Smithson  (1946,  1948)  found  phase  microscopy  to  have  the  following 
advantages  in  mineralogy:  index  differences  of  less  size  were  visible, 
relief  was  improved,  and  heterogeneity  was  shown.  The  phase  micro- 
scope did  not  show  strain.  Adding  a  Polaroid  polarizer  to  the  condenser 
showed  "twinkling"  with  less  birefringence,  inclusions,  and  intergroAvths, 
such  as  one  feldspar  with  another.  Using  a  polarizer  and  an  analyzer 
with  phase  sometimes  was  helpful  and  other  times  not,  depending  on  the 
nature  of  the  specimen.  Zoning  was  shown  better  in  plagioclase  feldspar, 
as  was  the  relation  of  the  zoned  regions  to  the  sun'ounding  feldspar. 
Smithson  points  out  that  path  differences  arising  from  differences  in 
thickness,  differences  in  compensation,  and,  with  polarized  light,  dif- 
ferences in  refractive  index  arising  from  optical  orientation  are  made 
visible  with  the  phase  microscope;  but  it  may  be  difficult  to  determine 
which  are  involved,  especially  when  roughness  of  the  specimen  is  also 
part  of  the  problem. 

Stereophotomicrographs  should  assist  in  evaluating  the  roughness 
factor,  and  replica  technics  also  should  be  helpful.  When  two  colorless 
isotropic  substances  with  only  slight  differences  in  refractive  index 
are  intermingled,  the  phase  system  is  the  only  effective  microscopical 
method  for  observation.  For  example,  a  phyllite  of  silica  and  feldspar 
clearly  showed  boundaries  with  a  0.2A+0.25X  diffraction  plate  when  the 
index  difference  was  only  1  in  the  fourth  decimal  place. 

The  mathematical  analysis  of  the  combined  effects  of  phase  and  polar- 


FiG.  VI. 1.     A-D,   paraffin   crystals   supporting   a   thin   tissue   section,    135  X:    A, 

brightfield.     B,    dark-contrast    (B  — )   phase.     C,   dark-contrast    (A  —  )   phase.     D, 

bright-contrast  (A  +  )  phase.     E-F,  paraffin  microcrystals  from  isopropyl  alcohol, 

1250  X:   E,  brightfield.     F,  bright-contrast  phase. 
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Fig.  VI.2.     Microgranite,     75  X.     A,     bright-field.     B,     polarization.     C,     bright- 
contrast  phase.     D,  bright-contrast  phase  plus  polarization.     E,  dark-contrast  (A  —  ) 
phase.     F,  dark-contrast  phase  plus  polarization. 
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ization  with  various  shaped  anisotropic  specimens  is  very  complicated 
and  incompletely  known  at  present.  With  such  specimens  the  addition 
of  a  polarizer,  an  analyzer,  or  both  may  give  either  appreciably  better 
detail  or  may  lessen  the  contrast.  This  can  be  done  easily  with  pieces 
of  Polaroid  (sextant  grade  H  is  recommended)  and  is  worth  trying  on  an 
empirical  basis.  The  pictures  of  microgranite  (Fig.  VI. 2)  illustrate 
some  of  the  possibilities  of  combined  phase  and  polarization  microscopy. 

2.  CLAY  AND  DUST 

Samples  of  clays  usually  contain  a  considerable  range  of  particle  sizes, 
and  more  than  one  diffraction  plate  may  be  necessary  for  the  complete 
observation  of  the  sample.  The  larger  particles  usually  show  better 
with  0.2A±0.25X  and  the  smaller  ones  with  0.07A±0.25X  diffraction 
plates.  When  the  range  of  sizes  is  too  great,  the  particles  may  be 
separated  by  sedimentation.  Some  specimens  may  be  examined  to 
advantage  with  B—  diffraction  plates.  By  altering  the  refractive  index 
of  the  mounting  medium,  contrast  may  be  changed  to  give  optimal 
visibility.  In  fact,  it  is  possible  to  make  some  components  invisible 
with  a  mounting  medium  of  the  same  refractive  index  as  the  unwanted 
grains,  thereby  facilitating  the  examination  of  the  other  particles, 
^'isibility  is  improved  with  counting  chambers  having  the  lines  ruled  into 
the  glass  (Kohler  and  Loos,  1941;    Magiiozzi,  19-48). 

By  varying  the  dispersion  difference  between  the  specimen  and  its 
surround  by  means  of  an  appropriate  mounting  medium,  it  is  possible 
to  add  color  contrast  to  the  densiphase  contrast  from  the  phase  micro- 
scope. Dust  containing  silica  mounted  in  nitrobenzene  (no  =  1.55) 
reveals  the  silica  as  violet-colored  particles  when  a  0.2A  +  0.255X  or  a 
0.2A+0.35X  phase  objective  is  used.  This  simplifies  finding  the  smaller 
particles  and  provides  differentiation  when  counts  are  made  to  estimate 
the  relative  composition  of  a  sample.  Bright-contrast  (A+)  phase 
objectives  are  preferable,  because  they  show  the  colors  better  than  the 
dark  contrasts,  and  the  eye  sees  small  bright  objects  on  a  darker  field 
more  easily  than  dark  ones  on  a  bright  field  (see  Section  3.3  of  Chapter 

IV). 

Dust  counts  made  with  a  phase  microscope  will  be  more  accurate 
because  of  the  increased  visibility  of  the  particles  and  more  complete 
because  smaller  particles  will  be  seen.  These  difTerences  should  be  kept 
in  mind  when  counts  made  with  the  phase  microscope  are  compared 
with  those  made  with  a  brightfield  microscope.  With  proper  choice  of 
mounting  or  dispersing  medium,  differential  dust  counting  will  be  pos- 
sible for  components  of  the  sample  that  look  alike  with  the  brightfield 
microscope. 
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3.  FOODS,  DRUGS,  AND  PHARMACEUTICALS 

The  phase  microscope  is  useful  in  identifying  foods,  revealing  im- 
purities, and  evaluating  and  controlling  processing  methods.  Homo- 
genization,  which  is  important  for  milk  and  for  salad  dressings,  may  be 
evaluated  with  a  0.2A+0.25X  diffraction  plate  in  a  4-  or  1.8-mm  ob- 
jective. Emulsions  for  salad  dressings  usually  show  well  with  this  or 
with  a  IB— 0.25X  or  0.14A  — 0.25X  diffraction  plate.  As  pointed  out 
in  Section  3.1  of  Chapter  V,  it  is  usually  not  possible  to  identify  a  single 
coccus  bacterium  or  distinguish  it  from  a  fat  globule  of  the  same  size. 
Bacteria  of  other  sizes  and  shapes  or  of  different  optical  density  may  be 
seen  and  the  number  present  determined.  Inorganic  particles  such  as 
undissolved  crystals  are  made  visible  in  mayonnaise  and  in  similar 
materials. 

Small  changes  resulting  from  processing  foods  may  be  seen,  such  as  the 
hydrolysis  of  starch,  or  the  results  of  cooking.  With  a  0.14A+0.25X 
diffraction  plate,  partially  hydrolyzed  starch  shows  the  changes  in  the 
grains  when  mounted  in  Crown  Immersion  Oil.  Another  specimen  was 
seen  better  in  a  water  mount  with  a  medium,  rather  than  the  low,  dark 
(A  —  )  contrast.  Some  experimentation  is  necessary  to  determine 
the  most  appropriate  procedures.  The  effect  of  digestion  may  be  stud- 
ied with  a  phase  microscope  by  comparing  the  feed  and  the  feces. 

Insect  parts  that  are  relatively  transparent  are  readily  revealed  with 
the  phase  microscope,  which  makes  it  valuable  in  discovering  and  identi- 
fying such  filth  in  dirty  food.  Transparentizing  the  specimen  with  a 
suitable  mounting  medium  will  assist  in  finding  the  extraneous  matter 
(see  Section  3.2  of  Chapter  IV).  The  problem  of  mold  counting  in 
tomato  products  was  discussed  in  Section  3.2  of  Chapter  V. 

Many  applications  of  the  phase  microscope  are  possible  in  the  drug 
and  pharmaceutical  industry.  The  purity  of  cultures  used  in  making 
biologicals  can  be  determined,  the  nature  of  emulsions  and  the  degree  of 
inhomogenization  can  be  seen,  and  impurities  may  be  found  and  identi- 
fied. The  components  of  preparations  containing  paraffin  oil,  agar, 
yeast,  and  similar  materials  and  their  relation  to  each  other  are  easily 
seen.  The  0.14A+0.25X  is  the  most  useful  single  phase  objective  for 
such  a  specimen,  although  the  2.5B— 0.25X  is  better  for  yeast  and  the 
IB— 0.25X  is  better  for  smallest  visible  oil  globules  and  agar  plaques. 
The  dark-contrast  (A  —  )  phase  objectives  are  also  useful  for  emulsions 
(see  Section  3.3  of  Chapter  IV  and  Section  1  of  this  chapter).  The 
8-mm  objective  will  be  helpful  for  many  specimens  which  do  not  require 
the  highest  resolution,  because  of  its  longer  working  distance  and  larger 
field  of  view. 
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4.  FAT,  GREASE,  OIL,  AND  SOAP 

Mixtures  of  these  materials  reveal  their  general  character  with  a 
0.2A+0.33X  or  a  0.2A— 0.25X  diffraction  plate  in  a  16-mm  objective. 
At  higher  magnifications  the  0.2  or  0.14A±0.25X  plate  usually  gives 
adequate  contrast.  The  number  of  phases  in  the  system  and  the  ap- 
proximate amounts  are  readily  determined  with  the  phase  microscope, 
also  the  presence  of  lifiuid  crystals,  or  other  aggregates.  Polarized  light 
sometimes  is  helpful  with  phase  contrast  (see  Section  1). 

Microcrystals  of  paraffin  were  considered  in  the  first  section  of  this 
chapter.  The  structure  within  a  wax  is  often  important  and  may  be 
revealed  with  the  phase  microscope.  Figure  Yl.l,  A-D,  shows  the 
appearance  of  the  paraffin  part  of  a  section  of  liver  embedded  in  a 
paraffin  block  with  the  different  contrasts.  For  adequate  support 
when  thin  sections  are  to  be  cut,  the  crystals  must  be  small  enough  to 
fill  all  gaps  around  and  within  the  tissue.  These  sections  were  cut  with 
a  microtome,  mounted,  and  observed  before  the  paraffin  was  re- 
moved. 

The  structure  of  a  grease  is  important  as  well  as  its  composition. 
This  can  be  seen  in  a  direct  sample,  a  melted  sample,  or  after  working 
the  grease  between  two  microscope  slides.  Liquid  crystals  in  soft  soaps 
may  be  seen,  and  some  shampoo  soaps  make  good  demonstrations. 

5.  PAINT  AND  PIGMENTS 

Very  dense  fine  colored  pigments  may  be  seen  better  with  the  bright- 
field  microscope,  but  the  less  opaque  pigments  show  better  with  the 
phase  microscope.  It  is  possible  to  evaluate  grinding  and  disperison  by 
direct  examination  of  the  product,  likewise  emulsification  when  liquid 
components  are  dispersed  in  the  product.  The  shape  of  colorless,  or 
slightly  colored,  materials  may  be  seen  within  the  limits  of  the  optical 
microscope.  This  may  be  important  when  the  particles  can  become 
orientated  later  from  spreading  by  the  paint  brush,  or  roller. 

Sections  of  painted  or  varnished  wood  or  other  material  may  be 
examined  and  the  surface  protective  layers  measured  with  the  phase 
microscope.  The  nature  of  enamel  surfaces  and  the  effects  of  abrasion 
and  weathering  have  been  studied  with  the  aid  of  ethylcellulose  replicas 
by  Richmond  and  Francisco  (1949).  The  phase  microscope  reveals 
more  detail  in  replicas  than  the  brightfield  microscope,  and  low  to 
medium  contrast  phase  objectives  in  either  bright  or  dark  contrast  are 
appropriate.  When  reflection  from  the  surface  is  adequate,  phase 
vertical  illumination  should  be  considered.      (See  Section  8.) 
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6.  GLASS  AND  PLASTICS 

Glass  surfaces  have  proved  one  of  the  most  interesting  and  difficult 
microscopical  specimens.  However,  slight  differences  in  thickness  from 
minute  surface  irregularities  change  the  phase  of  light  passing  through 
them  and  may  therefore  be  seen  with  the  phase  microscope.  Loos  et  al. 
(194:1)  reported  phase  useful  for  the  study  of  the  polishing  of  glass 
surfaces.     Circular  polishing  marks  and  stains  not  visible  with  other 
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Fig.  VI.3.     Fine    ground    glass,    400  X.     Left,    brightfield.     Center,    dark-contrast 
(B  — )  phase.     Right,  dark-contrast  (A  —  )  phase. 

microscopical  methods  were  photographed  and  described  by  Bennett 
et  al.  (1946),  and  Lyot  and  Frangon  (1948)  examined  faults  from  polish- 
ing glass  by  phase  microscopy  using  stereoscopic  technic.  Since  there 
is  no  satisfactory  explanation  of  the  nature  of  polishing  of  optical  glass 
surfaces,  phase  microscopy  promises  information  of  both  heuristic  and 
practical  value.  Bright  contrast  reveals  very  small  defects  in  the  glass 
surface,  and  the  0.2A+0.33X  plate  has  been  found  best  for  the  16-mm 
objective.  Slight  deposits  of  metals  on  the  surface  are  also  revealed. 
On  the  other  hand,  for  the  examination  of  fine  ground  surfaces  (Fig. 
VI.3)  the  5B— 0.25X  reveals  more  detail  than  the  bright  (A+)  plate, 
and  the  dark  (A  —  )  contrast  is  not  useful  for  this  application.  The 
picture  shows  a  finely  ground  surface  in  air  with  an  0.18-mm  cover  glass 
placed  over  it  to  maintain  the  correction  of  the  4-mm  objective. 

Smaller  fragments  of  glass  may  be  examined  in  immersion  oil  or  other 
suitable  mounting  fluid  (Fig.  IV.l).  Seeds  such  as  occasionally  plug 
the  spinneret  of  fiber-making  equipment  may  be  studied  with  the  phase 
microscope  for  identification  and  structure,  and  the  information  gained 
should  suggest  means  for  minimizing  the  numbers  per  melt.     Like  other 
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specimens,  small  glass  particles  reciuire  higher  contrast  objectives  than 
larger  ones,  and  the  contrast  can  be  adjusted  for  the  best  visibility  by 
choosing  the  proper  kind  and  contrast  of  diffraction  plate  and  the  proper 
immersion  medium. 

Transparent  plastics  may  be  examined  for  regions  of  inhomogeneity 
and  for  impurities.  Cotton  fibers  in  the  sheet  can  be  recognized  with  a 
5B— 0.25X  objective.  The  "dope"  may  be  examined  before  processing, 
and  the  processed  product  examined  either  directly  or  after  sectioning  to 
obtain  preparations  thin  enough  for  microscopic  examination.  With  a 
long-focus  condenser,  sheets  up  to  about  Y2  inch  in  thickness  may  be 
examined.  The  0.2A+,  0.14A+,  and  5B— 0.25X  diffraction  plates  are 
preferable  for  this.  Further  information  for  rayons  will  be  given  below. 
The  extent  of  dyeing  of  cellophane-like  materials  may  be  determined 
from  the  examination  of  cross  sections.  Medium  contrast  A+,  A  —  ,  or 
B—  are  suitable,  depending  on  the  material  and  the  pigment. 

Replica  technics  may  be  applied  to  the  examination  of  glass  and  plastic 
surfaces,  and  some  of  these  surfaces  have  enough  reflectivity  to  make 
the  phase  vertical  illuminator  worth  while  (see  Section  8). 

7.  PAPER 

The  phase  microscope  is  useful  to  show  the  breakdown  and  condition 
of  the  fibers,  freedom  from  lignin  and  other  undesirable  materials,  and 
for  examination  and  size  determination  of  baryta  and  other  materials 
for  smoothing  the  surface  finish.  The  color  reactions  of  the  special  dyes 
are  more  useful  for  fiber  identification  and  show  better  in  brightfield. 
Typical  changes  in  two  common  types  of  papers  with  different  kinds  of 
phase  objectives  are  illustrated  in  Fig.  VI.4. 

Sections  of  paper  may  be  examined  for  a  study  of  composition  and 
for  the  measurement  of  ink  penetration  below  the  surface.  Low- 
contrast  (0.2A±0.25X)  and  high-contrast  (5B— 0.25X)  objectives  are 
helpful  in  paper  microscopy. 

8.  METAL  SURFACES 

Two  methods  are  available  with  the  phase  microscope.  When  the 
surface  has  considerable  specular  reflection,  the  vertical  phase  il- 
luminator may  be  used.  The  replica  technic  is  applicable  to  metal  as 
well  as  to  other  surfaces.  Marx  and  Diehl  (1948)  have  used  phase 
microscopy  with  replicas  from  anodized  aluminum. 

Jupnik  et  al.  (1946,  1948)  described  a  phase  vertical  illuminator 
equipped  with  both  bright-  and  dark-contrast  diffraction  plates  and  the 
examination  of  metals  with  it.  With  monochromatic  green  light  from  the 
mercury  arc,  considerable  detail  could  be  seen  on  specularly  reflecting 
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surfaces.  Any  diffusion  of  the  incident  light  prechided  this  method. 
Scratches  and  sleeks  showed  well  in  bright  contrast  with  a  0.12A+0.25X 
diffraction  plate.  Grain  boundaries  were  made  more  visible  in  high- 
speed steels,  and  carbide  segregation  showed  with  bright  and  with  dark 
(0.12A— 0.25X)  contrast.  Stains,  etching,  and  polishing  effects  could 
be  studied  by  this  means. 

In  England,  Cuckow  (1947,  1949)  concluded,  after  examination  of 
metals,  that  more  information  is  revealed  by  the  phase  vertical  il- 
luminator than  by  the  study  of  replicas.  He  found  it  particularly  good 
for   the   assessment    of   surface   levels.     Martensite   and   transformed 


Fig.  VI.5.     Silica  replica  from  a  steel  surface,  showing  pearlitic  structure,  ca.  1000  X : 
Left,  brightfield.     Center,  dark-contrast  (A  —  )  phase.     Right,  bright-contrast  phase. 


austenite  showed  well.  For  some  problems  he  believed  it  to  be  more 
valuable  than  replica  methods  would  be  with  the  electron  microscope, 
in  general,  more  convenient  to  use,  and  sometimes  a  helpful  guide  to 
aid  in  understanding  the  very  fine  detail  revealed  by  the  electron 
microscope.  Taylor  (1949)  has  described  the  Cooke  vertical  phase 
illuminator  and  recommends  it  for  metallurgy  and  mineralogy.  Crystal 
boundaries  could  be  seen  as  well  as  slight  differences  in  level  from 
etching  and  polishing. 

Coarse  detail  may  be  studied  in  relatively  thick  replicas  (Fig.  IV. 2). 
Finer  detail  requires  thinner  replicas,  and  for  the  usual  Formvar  replica 
prepared  for  the  electron  microscope  the  0.05A+0.25X  and  0.2A+0X 
plates  are  very  good,  and  the  0.2Azt:0.25X  plates  are  useful.  For  fine 
detail  such  as  dots,  the  0.07  transmission  is  useful.  Increased  detail  can 
be  obtained  with  the  phase  microscope  if  the  replicas  are  shadowcast 
with  a  dielectric.  Very  fine  detail  of  replicas  can  be  seen  with  the  phase 
microscope,  such  as  the  differences  from  path  differences  of  40  to  50  A 
thickness  in  Formvar  produced  by  lightly  etched  metal  surfaces. 
Pearlitic  structure  in  a  silica  replica  is  shown  in  Fig.  VI.5.     Replicas  for 
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the  study  of  surface  roughness  (Hershman,  1945)  should  be  easier  seen 
and  evaluated  with  the  phase  microscope. 

9.  RUBBER 

The  phase  microscope  is  useful  for  the  investigation  of  the  homoge- 
neity of  rubber  and  for  the  examination  of  fillers.  With  the  1.8-mm 
phase  objective  it  is  possible  to  distinguish  five  different  phases  in  one 
specimen.  Fillers,  such  as  carbon,  channel  and  chrome  blacks,  silica, 
etc.,  may  be  examined  within  the  limits  of  the  light  microscope,  a-nd 


Fig.  VI. 6.     Emulsion  of  rubber  and  resin,  800 X.     Left,  brightfield.     Center,  dark- 
contrast  (A  —  )  phase.     Right,  bright-contrast  phase. 

for  this  the  0.07A+0.25X  diffraction  plate  in  an  oil  immersion  objective 
is  recommended,  although  the  same  transmission  in  an  A—  plate  would 
be  appropriate  when  dark  contrast  is  preferred.  Lesser  transmissions 
are  not  so  good  for  such  fine  detail. 

In  a  two-phase  system  (Fig.  VI. 6)  it  is  possible  to  identify  the  con- 
tinuous and  the  dispersed  phases  when  their  refractive  index  is  known. 
As  was  pointed  out  in  Chapter  IV  the  greater  path  is  bright  with  an  A-1- 
and  dark  with  an  A—  diffraction  plate.  In  this  specimen  the  two  phases 
show  with  brightfield  because  the  inner  phase  was  slight  amber  in  color. 
Examining  a  number  of  the  inner-phase  glol^ules  we  note  that  they  are 
bright  with  the  A+  and  dark  with  the  A—  objective,  which  indicates 
that  the  inner  phase  is  of  the  higher  refractive  index.  In  this  case  it  was 
known  that  the  resin  had  a  higher  index  than  the  rubber  and  therefore 
this  is  a  resin-in-rnhber  emulsion.  To  avoid  possil)le  ambiguities, 
particles  of  several  sizes  should  be  examined  for  consistent  behavior  in 
reversing  contrast. 

10.  TEXTILES 

A  Zeiss  phase  microscope  placed  at  the  disposal  of  the  Hochst  works 
of  I.  G.  Farbenindustrie  led  to  early  trial  and  discovery  of  its  utihty  in 
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this  field  (Remuth,  1947).  Phase  microscopy  was  reported  for  observing 
bacterial  and  enzymatic  decomposition  of  wool,  fine  detail  in  1-  to  S-ju 
cross  sections  of  wool,  bacteria  and  f\mgi  on  unstained  fibers,  fine 
structure  in  thin  sections,  inclusions,  turbid  portions  and  samples  with 
small  density  differences,  thickening  pastes  and  their  penetration, 
liquid  crystals  in  liquid  soaps  and  lubricants,  solid  crystals  and  thin 
plates,  particles  embedded  in  fibers  such  as  silicates,  and  fissures  in 
fibers  due  to  laundering.  Objections  to  the  method  included  failure 
with  thick  objects,  failure  with  large  differences  in  index  such  as  between 
a  fiber  and  a  delusterizing  agent,  and  failure  with  pigments  and  with 
oblique  light.  Modern  eciuipment  with  long  working  distance  con- 
densers and  phase  objectives  with  various  kinds  and  types  of  diffraction 
plates  have  met  many  of  these  objections. 

Royer  and  Maresh  (1947,  1949)  also  summarized  many  of  the  applica- 
tions of  phase  microscopy  in  this  field  through  a  discussion  of  thickness 
variations,  rayon  cross  sections,  pigments,  emulsions  and  dispersions, 
and  thin  coatings  on  textiles,  paper  fibers,  leather,  and  pigments. 

The  scales  on  wool  show  well  without  stain  with  a  medium  A  —  dark- 
contrast  phase  objective.  Lanaset  coating  on  the  wool  scales  may  be 
seen  with  a  0.07A+0.25X  diffraction  plate  (Calco,  1947;  Royer  and 
Maresh,  1947).  Hairs  may  be  studied  when  not  too  pigmented;  the 
medium  dark-contrast  A—  and  high  bright-contrast  A+  plates  have 
usually  been  found  preferable  for  the  lighter  ones  and  the  5B— 0.25X  for 
darker  pigmented  hairs  (Chase,  1949).  Pigmented  hairs  are  usually 
examined  with  the  aid  of  a  replica  of  their  surface,  and  the  phase  micro- 
scope will  improve  the  visibility  of  details  seen  in  the  replicas.  For  a 
nigrosine  method  like  that  of  Koonz  and  Strandine  (1945)  the  IB  — 0.25X 
plate  would  be  preferable,  and  for  transparent  replicas  such  as  described 
by  Hardy  and  PHtt  (1940)  either  bright-  or  dark-contrast  low  or 
medium  (0.14-0.2A±0.25X)  phase  objectives  would  be  useful. 

Farr  (1946,  1949)  has  shown  the  value  of  the  phase  microscope  in 
determining  the  structure  of  cotton  fiber  and  related  materials.  These 
fibers  may  be  examined  as  found  and  then  during  or  after  treatment  with 
solvents  such  as  cuprammonium,  or  with  macerating  agents.  Bright 
contrast  offers  some  advantage  in  the  study  of  fibers.  For  single  fibers 
the  phase  microscope  is  useful  in  assessing  maturity,  but  for  masses  of 
fibers  the  conventional  staining  technics  are  better. 

"Dopes"  may  be  examined  for  gel  inclusions  and  for  undissolved 
fibers.  The  0.07A+0.25X  plate  is  better  for  the  former  and  the 
0.14A-0.25X  and  1-2. 5B  -0.25X  plates  for  the  latter,  depending  on  their 
size.  Rayon  yarn  fibers  and  their  cross  sections  (Fig.  VI. 7)  may  be 
examined  when  mounted  in  paraflfin  oil.  The  extent  of  the  skin  shows, 
and  when  mineral  or  oil  globules  have  been  added  for  delusterification 
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Fig.  VI. 7.     Rayon  fibers  in  cross  section.     A,  brightfield.     B,  dark-contrast  (A  —  ) 

phase.     C,  D,  bright-contrast  pha.se,  1000  X  :   E,  F,  fibers  containing  oil  droplets  for 

delusterification,  llOOX.     E,  brightfield.     F,  bright-contrast  phase. 
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their  location  may  be  seen  in  the  fiber.  Thin  sections  are  preferable 
(especially  for  photomicrographs)  because  of  the  limited  depth  of  field 
of  the  oil  immersion  objective.  Irregularities  and  marks  on  the  surfaces 
of  the  libers  may  also  be  observed. 

For  the  more  birefringent  synthetic  fibers  the  high  bright  contrast 
(0.07A+0.25X)  usually  shows  more  detail  than  does  the  A—  or  B  — 
diffraction  plates.  By  a  proper  choice  of  phase  and  mounting  medium 
it  is  possible  to  examine  the  details  of  the  fiber,  including  any  surface 
patterns  present.  Refractive  indices  of  some  textile  fibers  are  given  in 
Table  Y.IB.  Special  mounting  media  have  been  devised  by  Bradfoot 
and  Schwartz  (1948)  for  textile  microscopy  (see  also  Table  IV. 1). 

Few^er  papers  have  been  published  in  the  industrial  field,  probably 
because  publication  usually  is  deferred  until  the  product  has  been 
marketed.  More  applications  may  be  expected  with  more  general 
application  of  the  phase  microscope.  The  discussion  in  this  chapter 
points  the  way. 


CHAPTER  VH 


APPENDIX:     THE   DIFFRACTION   THEORY 

OF   PHASE   MICROSCOPY   WITH 

KOHLER    ILLUMINATION 

1.  INTRODUCTION 

The  following  diffraction  theory  of  image  formation  in  the  microscope 
will  be  derived  under  the  suppositions  that  the  illuminating  beam  is 
unpolarized  and  that  the  microscope  has  been  adjusted  as  in  Kohler 
illumination.  The  phenomena  of  phase  microscopy  are  different  with 
Kohler  and  with  critical  illumination  but  can  become  highly  similar 
under  conditions  that  are  well  satisfied  in  the  normal  usage  of  the 
typical  microscope.  Even  the  theory  for  Kohler  illumination  becomes 
cumbersome  when  the  integrations  for  the  total  energy  density  in  the 
image  are  referred  to  the  radiating  atoms  in  the  source  of  light.  Sim- 
plicity of  argument  will  be  obtained  by  supposing  that  the  virtual  image 
of  the  source  as  imaged  by  the  combined  lamp  and  substage  condensers 
acts  for  the  purposes  of  microscopy  as  a  self-luminous  source.  This 
supposition  can  be  justified  with  at  least  fair  approximation  when  the 
speeds  of  the  lamp  and  substage  condensers  are  high  and  when  the 
opening  in  the  diaphragm  of  the  substage  condenser  is  not  too  narrow. 
The  effect  of  closing  down  the  field  stop  in  Kohler  illumination  is  to 
decrease  the  speed  of  the  lamp  condenser  and  thus  to  spread  the  diffrac- 
tion image  of  a  point  in  the  source  over  a  greater  area  at  the  condenser 
diaphragm.  If  the  supposition  as  to  the  self-luminous  character  of  the 
virtual  image  of  the  source  is  to  be  valid,  the  field  stop  should  be  opened 
far  enough  so  that  the  diffraction  image  of  a  point  in  the  source  is  small 
compared  with  the  width  of  the  opening  in  the  diaphragm  of  the  sub- 
stage  condenser.  We  note  that  simplifications  occur  also  when  the 
field  stop  is  closed  to  point  dimensions,  but  a  discussion  of  this  specialized 
case  will  not  be  included. 

In  integrating  over  the  virtual  image  of  the  source,  we  shall  obtain 
additional  simplicity  of  argument  by  omitting  a  summation  procedure 
which  leads  to  a  generalized  statement  of  Lambert's  law.  The  effect 
of  introducing  Lambert's  law  into  the  diffraction  integrals  will,  however, 
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be  stated.     Ciu'iously  enough,  Lambert's  law  leads  to  a  simplification 
of  the  diffraction  integral  for  the  total  energy  density  in  the  image. 

The  laws  of  microscopy  may  be  derived  from  two  different  lines  of 
attack  which  lead  to  substantially  the  same  conclusions.  The  first 
attack  was  outlined  by  A))be  but  was  not  formulated  analytically  by 
him.  In  Abbe's  attack  one  selects  an  arbitrary  point  in  the  source  of 
light  and  computes  the  amplitude  and  phase  distribution  produced  over 
the  plane  conjugate  to  the  source  of  light  (the  plane  of  the  diffraction 
plate)  by  the  coherent  light  radiated  from  the  selected  point.  This 
computation  or  formulation  takes  into  account  the  modifications  which 
result  from  the  passage  of  the  light  through  the  object  specimen.  The 
corresponding  amplitude  and  phase  distril^ution  produced  over  any 
selected  image  plane  is  now  determined  with  the  aid  of  Kirchhoff's  law 
from  the  known  amplitude  and  phase  distribution  over  the  plane  of  the 
diffraction  plate.  The  selected  image  plane  is  not  necessarily  conjugate 
to  the  object  plane.  The  partial  energy  density  is  defined  as  the  distribu- 
tion of  energy  density  produced  over  the  selected  image  plane  by  the 
coherent  light  radiated  from  the  selected  point  in  the  source  of  light. 
The  partial  energy  density  is  proportional  to  the  square  of  the  absolute 
value  of  the  amplitude  and  phase  distribution  produced  over  the  image 
plane.  Since  dift'erent  points  in  the  source  of  light  act  as  independent 
radiators,  the  total  energy  density  produced  over  the  image  plane  by  all 
points  in  the  source  of  light  can  be  found  by  summing  or  integrating  the 
partial  energy  densities  produced  by  all  points  in  the  effective  area  of  the 
source  of  light.  Whereas  Abbe's  procedure  can  be  outlined  with  ease,  it 
can  become  very  cumbersome  to  formulate  analytically  unless  the 
effective  area  of  the  source  of  light  is  small  and  is  centered  upon  the 
optical  axis.  Abbe's  procedure,  moreover,  gives  more  than  the  required 
amount  of  information  because  the  amplitude  and  phase  distribution 
produced  over  the  plane  of  the  diffraction  plate  is  rarely  of  direct  interest. 

We  shall  formulate  the  following  attack  because  it  is  simpler  and  more 
amenable  to  analysis  than  the  attack  outlined  by  Abbe.  Beginning 
with  the  coherent  light  radiated  from  an  arbitrary  point  in  the  effective 
area  of  the  source  of  light,  we  state  the  amplitude  and  phase  distribu- 
tion over  the  light  wave  as  it  emerges  from  the  object  plane.  We  then 
apply  a  transfer  property  of  the  primary  diffraction  integral  to  formulate 
directly  the  corresponding  amplitude  and  phase  distribution  produced 
over  the  selected  image  plane.  The  partial  energy  density  is  propor- 
tional to  the  square  of  the  amplitude  and  phase  distribution  produced 
over  the  image  plane.  The  total  energy  density  produced  over  the 
image  plane  by  all  points  in  the  effective  area  of  the  source  of  light  is 
obtained  by  integrating  the  partial  energy  density  with  respect  to  the 
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elements  of  area  over  the  effective  area  of  the  source  of  Hght.  If  the 
ampHtude  and  phase  distributions  are  expressed  as  complex  numbers, 
the  partial  and  total  energy  densities  are  automatically  the  time  average 
of  the  instantaneous  partial  and  total  energy  densities.  For  this  and 
other  reasons  of  mathematical  convenience,  we  prefer  to  express  the 
laws  of  microscopy  in  terms  of  complex  numl^ers.  It  should  be  noted 
that  this  attack  is  general  enough  to  include  the  essential  laws  of  both 
phase  and  ordinary  microscopy  as  well  as  the  laws  of  image  formation 
in  a  variety  of  other  optical  and  non-optical  systems.  Furthermore, 
the  method  of  attack  includes  the  combined  effects  of  the  source  of  light, 
of  the  object  specimen,  and  of  the  optical  system  upon  the  image  of  the 
object  specimen. 

The  method  can  be  adapted  to  either  Kohler  or  critical  illumination. 
We  shall  discuss  the  adaptation  to  Kohler  illumination  since  optical 
systems  are  most  freciuently  adjusted  for  Kohler  illumination  or  other 
equivalent  forms  of  illumination. 

It  is  emphasized  that  the  following  theory  applies  primarily  to  the 
case  in  which  the  light  is  transmitted  by  the  object  specimen.  In 
applying  the  theory  to  microscopy  with  vertical  illumination,  great 
caution  has  to  be  exercised  in  constructing  the  appropriate  object 
function.  This  is  because  the  modifications  of  the  amplitude  and  phase 
of  the  illuminating  wave  can  become  more  complicated  w^hen  the  wave  is 
reflected  by  the  object  specimen  than  when  the  wave  is  transmitted  by 
the  object  specimen.  Thus  with  vertical  illumination  the  incident 
wave  may  be  reflected  from  one  or  both  surfaces  of  the  specimen  and 
from  particles  or  layers  within  the  specimen.  By  taking  advantage  of 
the  dissimilarity  of  the  phenomena  of  transmission  and  reflection,  the 
ordinar}^  or  the  phase  microscope  can  be  made  to  yiekl  additional 
information  about  the  object  specimen. 

In  deriving  the  diffraction  integrals  governing  image  formation,  we 
shall  apply  Kirchhoff 's  laws  as  they  have  been  reformulated  by  Luneberg 
(1944).  Conseciuently,  the  theory  will  be  limited  in  generality  by  the 
restrictions  stated  by  Luneberg.  The  most  fruitful  problem  is  not, 
however,  to  evolve  a  theory  that  is  free  from  limiting  restrictions  but 
rather  to  construct  a  theory  whose  integrals  can  be  solved  by  methods 
of  the  present  or  of  the  near  future.  To  this  end  the  primary  diffraction 
integral  will  not  be  applied  in  its  most  general  form  as  given  by  Luneberg. 
Instead,  we  shall  be  content  to  evaluate  the  primary  diffraction  integral 
by  integrating  over  the  rays  in  the  axial  bundle.  This  procedure 
involves  the  detei-mination  of  the  imagery  for  off-axial  points  in  terms 
of  the  data  which  belong  to  a  suitably  chosen  axial  point. 
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2.  THE  PRIMARY  HIFFRACTION  INTEGRAL 

An  integral  which  we  shall  call  the  primary  diffraction  integral  has 
been  reformulated  from  fundamental  considerations  by  Luneberg  (1944). 
V/e  shall  ))egin  with  the  form  of  this  integral  as  presented  by  Luneberg 
and  shall  modify  it  for  the  purpose  of  rendering  it  more  suitable  to  the 
theory  of  phase  microscopy. 


C-^o-  yo) 


Fig.  VII.  1.     Notation  with  respect  to  the  most  general  formulation  of  the  primary 

diff faction  integral. 


Let  A^n^'o  and  XY  denote  a  conjugate  pair  of  object  and  image  planes, 
as  in  Fig.  VILl.  A  point  (.r,  y,  z)  falls  in  the  conjugate  (sharply 
focused)  image  plane  only  when  z  =  0.  Suppose  that  an  "unpolarized" 
dipole  radiator  of  strength  unity  is  located  at  the  object  point  .ro,  yo  and 
that  it  is  desired  to  find  the  amplitude  and  phase  distribution 
U(x  —  Mxo,  y  —  ^^yo,  z)  produced  by  the  unpolarized  dipole  and  the 
optical  system.     Then  in  accordance  with  Luneberg  we  set 

U{x  -  Mxo,  y  -  Myo,  z)  ^  F(x,  y,  z);  (2.1) 


U{x  -  Mxo,  y  -  Myo,  2)  =  ^  iT'^^^'  5)e^'^"'+^"+'"+"^  dv  dq     (2.2 


) 


in  which  the  integral  extends  over  the  optical  direction  cosines  p,  q  of  the 
normals  to  the  converging  wave  front  (Fig.  VILl)  in  the  image  space 
whose  refractive  index  is  n.     By  definition, 

27r 

;  (2.3) 


X 

r    2  2  2\i 

s  =  (rr  -  V    -  (I  )  ; 
W  =  ]L(.ro,  yo,  zq]  p,  q) 


(2.4) 
(2.5) 


242  THE    DIP^FRACTION    THEORY   OF    xMICROSCOPY 

is  Hamilton's  mixed  characteristic.  Furthermore,  if  A-^ip,  q)  denotes 
the  amphtude  variation  over  the  converging  wave  front, 

^r        ^  -4 1  (p,  q) 

(n    —  p    —  q-^)' 

when  the  converging  wave  front  does  not  depart  appreciably  from  a 
sphere.  Both  Aiip,  q)  and  Hamilton's  mixed  characteristic  can  be 
determined  by  triangulating  rays  through  the  optical  system  and  may  be 
regarded  as  known  properties  of  a  given  system. 

Let  all  distances  be  measured  in  number  of  wavelengths.  Xq,  y^,  zq, 
X,  y,  and  z  are  then  dimensionless.     Equation  2.2  assumes  the  form 

U{x  -  Mxo,  y  -  Mijo,  z)  =ff<t>(p,  q)e2-'^'''+P^+iy+-'^^  dp  dq.       (2.7) 

Since  Zq  is  simply  a  parameter  which  determines  the  location  of  the 
object  plane,  we  may  take  ^o  =  0  without  essential  loss  of  generality. 

In  order  that  the  primary  diffraction  integral  shall  be  amenable  to 
simplified  mathematical  transformations  as  well  as  to  simplified  computa- 
tions, we  shall  assume  that  Abbe's  sine  condition  is  obeyed  and  we  shall 
replace  the  integration  over  the  optical  direction  cosines  of  the  normals 
to  the  wave  front  by  an  integration  over  the  optical  direction  cosines 
of  a  set  of  factitious  axial  rays  which  become  real  axial  rays  when  the 
object  point  Xq,  y^  is  located  upon  the  optical  axis  and  when  the  objective 
is  free  of  spherical  aberration.  Hamilton's  mixed  characteristic  IF  now 
reduces  to  the  form  (Luneberg,  1944,  p.  226) 

W  =  Wq{p,  q)  -  pMxo  -  qMyo  (2.8) 

in  which  M  is  the  constant  magnification  ratio  between  the  object  and 
image  planes  and  Woip,  q)  is  the  usual  integral  over  the  lateral  spherical 
aberration.  W^ip,  q)  is  to  be  evaluated  from  the  data  of  the  object 
point  .To  =  2/0  =  0  upon  the  supposition  that  the  reference  sphere  of 
Fig.  VII. 2  has  been  chosen  so  as  to  coincide  with  the  axial  wave  front 
in  the  paraxial  region.  This  means  physically  that  the  reference  sphere 
will  be  chosen  so  that 

WoiO,  0)  =  0.  (2.9) 

We  now  introduce  Eq.  2.8  into  Eq.  2.7  and  write 

U{,x  -  Mxq,  y  -  Myo,  z) 

<i)(p  g)e^''*^''"^^'^^e^''*'^^-^'~^^-^°^"'"^^^~^^^"^"'"*^'"  (/p  f/g      (2.10) 


=//< 


in  which  the  optical  direction  cosines  p,  q  refer  to  the  factitious  rays  of 
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the  axial  bundle  as  in  Fig.  VII. 2  and  are  limited  by  the  numerical 
aperture  of  the  objective  such  that 

p-  +  q'  ^n^  sin^  §^  =  n'^pj  (2.11) 

where  ??,„  is  defined  together  with  p,,,  in  Fig.  VII. 2.  By  means  of 
Eq.  2.10  the  amplitude  and  phase  distribution  U{x  —  Mx^,  y  —  MyQ,  z) 
is  computed  in  terms  of  the  axial  data  of  the  objective.  The  results 
obtained  by  means  of  Eq.  2.10  will  therefore  be  highly  accurate  for 


XqYo  (object  plane) 


XY  (image  plane) 

A 


Fig.  VII.2.     The  axi:il,  spherical  wave  of  reference. 

object  points  .To,  ?/o  which  fall  in  the  paraxial  region  and  will  be  less 
accurate  when  .Tq,  ?/n  lies  in  the  extra  paraxial  region. 

It  is  convenient  to  define  the  pupil  function  Pip,  q)  such  that 

Ai(?),  g)p-""'"'^''^' 


P(p,  q)  ^  Mp,  r/).^-"'""-'')  =  'y';'''\ ^.  (2.12) 

in    —  p    —  q")' 

Then  from  Eqs.  2.12  and  2.10 
U{x  -  Mxo,  y  -  Myo,  z) 

=  fO'iP,  5)e2Tib(x-M^o)+9(2/-MOT)+«]  ^p  ^q.     (2.13) 


p'  +  q'^  rrpj; 

s  =  (n~  —  p~  —  q  )\ 


(2.13a) 
(2.136) 


Finally,   it  is  convenient  and  significant    to    define    the    afocal   pupil 
function  Pz(p,  q)  such  that 


P,(p,  q)  ^  P(p,  q)e^-i^(n2-p2-a2)\ 


(2.14; 
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Hence 


9 
P 


r\,  z)  =JJPz(P,  9)e2""(pf+'^'')  dp  dq; 

(2.15) 

t  =  X  -  Mxo]     V  =  y  -  Myo; 

(2.15a) 

1           9^99 

(2.156) 

It  should  be  noted  that  Pzip,  q)  =  P(p,  q)  when  z  =  0. 

For  purposes  of  analysis  it  is  frequently  convenient  to  require  that 

Pz(p,q)  =  0  (2.16) 

when  p^  -\-  q^  >  trp,„"  and  that  Pz(p,  q)  is  given  by  Eq.  2.14  when 
V~  -\-  <f  =  n^p,n^.  Equation  2.16  is  simply  the  statement  that  the  pupil 
function  is  zero  for  rays  that  are  blocked  by  the  aperture  of  the  objective. 
It  follows  from  Eqs.  2.15  and  2.16  that  V{X,  V,  z)  and  P^ip,  q)  are 
related  as  the  pair  of  Fourier  transforms 

/       P,{p,q)e~'''^P^+'^'^dpdq;  (2.17) 

/    r(r,  77,2)p-2-(^f+'"'>rffrf^;,       (2.18) 

■  00   ty  —  00 

in  which  z  is  regarded  as  a  parameter. 

The  presentation  of  the  theory  of  phase  microscopy  will  be  simplified 
with  the  aid  of  the  following  observation.  Suppose  that  one  has  con- 
structed a  theory  which  involves  operations  upon  the  primary  diffraction 
integral  U{^,  -q,  0)  =  ('(f,  17)  given  by 

U{x  -  Mxo,  tj  -  Myo) 

/OO  pX 

/       F(p,  g)e2'^^'^^^-^^^«^+^^^-^^«^^  dpdg.        (2.19) 

Then  the  theory  for  out-of-focus  planes  which  are  located  z  wavelengths 
away  from  the  conjugate  XY  plane  can  be  obtained  from  the  theory 
based  on  Fa\.  2.19,  in  which  z  =  0,  by  replacing  P(p,  q)  by  Pziv,  q)- 
For  simplicity  of  presentation  we  shall  therefore  state  the  laws  of  phase 
microscopy  in  terms  of  the  primary  diffraction  integral  as  given  by  Eq. 
2.19  with  the  understanding  that  P(p,  q)  is  to  be  replaced  by  Pzip,  q) 
whenever  the  plane  of  observation  is  displaced  from  the  conjugate  image 
plane  by  z  wavelengths.  A  summary  of  the  primary  diffraction  integral 
and  of  the  manner  in  which  the  pupil  function  Pip,  q)  is  to  he  computed 
will  be  given  in  the  next  section. 

The  following  properties  of  the  primary  diffraction  integral  ha'V'e  been 
demonstrated  by  Luneberg  (1944)  and  will  be  restated  here  in  order  to 
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avoid  confusion  as  to  the  physical  meaning  of  the  primary  diffraction 
integral  U{x  —  Mxq,  y  —  Myo).  The  complex  imaginary  function 
U{x  —  Mxq,  y  —  il/i/o)  is  of  direct  physical  significance  in  the  sense 
that  \U(x  —  Mxq,  y  —  Myo)\'^  gives  the  distribution  of  energy  density 
produced  in  the  image  plane  by  an  unpolarized  dipole  radiator.  An 
unpolarized  dipole  radiator  may  be  regarded  as  one  that  changes  its 
orientation  in  a  random  manner  in  a  period  of  time  which  is  short  com- 
pared with  the  smallest  interval  of  time  that  can  he  distinguished  by 
the  receptor  of  the  energy  density,  or  it  may  be  regarded  as  a  group  of 
independent  dipole  radiators  oriented  at  random  in  an  element  of  area 
or  volume  which  can  be  considered  as  being  infinitesimally  small. 
I  U(x  —  Mxq,  y  —  M?/o)|^  is  the  distribution  of  energy  density  produced 
by  these  unpolarized,  that  is,  randomly  oriented,  dipole  radiators.  It 
is  important  to  appi'eciate  that,  whereas  the  phase  and  amplitude  dis- 
tribution produced  l^y  a  polarized  radiator  is  physically  real,  the  phase 
and  amplitude  distribution  produced  by  an  unpolarized  radiator  and 
hence  by  U{x  —  Mxq,  y  —  My^)  is  fictitious.  A  logically  complete 
exposition  of  the  theory  of  microscopy  should  therefore  begin  with 
polarized  radiation  and  should  expose  in  detail  those  considerations 
which  lead  to  the  laws  for  unpolarized  radiation.  A  presentation  of 
the  complete  theory  would  add  a  prohibitive  amount  of  material  to 
this  Appendix  and  would  increase  the  reader's  difficulties  in  mastering 
the  essential  elements  of  a  more  general  theory  of  microscopy.  For  these 
reasons  the  primary  diffraction  integral  as  given  by  Efi.  2.13  is  sufficient 
for  determining  the  energy  density  in  the  image  plane  when  the  source  of 
light  is  unpolarized.  Furthermore,  the  conclusions  reached  with  theaid  of 
Eq.  2.13  agree  closely  with  the  conclusions  resulting  from  the  more  com- 
plete theory  which  takes  into  detailed  account  the  effects  of  randomly 
polarized  radiation.  We  shall  continue  to  call  Cix  —  Mxq,  y  —  Myo) 
an  amplitude  and  phase  distribution,  but  we  shall  not  claim  that 
either  it  or  the  amplitude  and  phase  distributions  derived  from  it 
are  real  amplitude  and  phase  distributions.  This  distinction  as  to  the 
fictitious  nature  of  the  amplitude  and  phase  distribution  associated  with 
the  primary  diffraction  integral  is  usually  ignored  or  is  implied  tacitly. 
We  remark  finally  that  the  use  of  the  primary  diffraction  integral  is 
not  limited  to  radiating  dipoles  as  object  specimens  but  applies  also  to 
illuminated  pinholes  in  an  opaque  slide  or,  more  generally,  to  illuminated 
elements  of  area  in  the  plane  of  the  object  specimen. 

3.  THE  PUPIL  FUNCTION  P{p.  q)  IN  PHASE  MICROSCOPY 

The  pupil  fimction  P{p,  q)  is  to  be  computed  from  the  data  of  the 
axial  bundle.  For  a  more  detailed  statement  of  the  method  of  com- 
putation and  of  the  physical  significance  of  the  pupil  function  so  com- 
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puted,  the  reader  should  consult  a  recent  publication  by  Osterberg  and 
Wilkins  (1949).  Unit  spheres  are  drawn  about  the  axial  points  Oq  and 
0  in  the  object  and  image  space  of  the  objective,  respectively,  as  in 
Fig.  VI 1. 3.  The  unit  sphere  about  the  point  Oq  is  regarded  as  the  inci- 
dent wave  front  of  reference  whose  amplitude  is  taken  as  the  constant 
unity  with  unpolarized  light.  The  unit  sphere  about  the  point  0  is 
regarded  as  the  locus  of  the  corresponding  spherical  wave  converging 
upon  0.     This  spherical  wave  of  reference  is  a  wave  front,  and  its 


Fig.  VII.3.     The  reference  unit  spheres. 


normals  with  optical  direction  cosines  p,  q  are  real  rays  only  when 
spherical  aberration  is  absent  and  when  the  diffraction  plate  is  either 
uncoated  or  is  coated  uniformly.  Ai(p,  q)  is  defined  as  the  amplitude 
variation  over  the  spherical  wave.  Ai(p,  q)  depends  on  the  zonal 
properties  of  the  diffraction  plate  and  on  the  manner  in  which  the  axial 
rays  are  converged  by  the  objective.  Both  Aiiy,  q)  and  the  phase 
variation  over  the  spherical  wave  can  be  determined  by  triangulating 
rays  from  Oq  into  the  neighborhood  of  point  0.  In  performing  this 
triangulation  of  the  axial  bundle  of  rays,  w^e  adopt  the  convention  that 
the  supporting  plate  (if  any)  which  bears  the  coating  material  of  the 
diffraction  plate  is  to  be  considered  as  one  of  the  elements  of  the  ob- 
jective and  that  the  supporting  plate  shall  be  considered  as  uncoated. 
The  usual  integral  over  the  lateral  spherical  aberration  (Luneberg,  1944, 
p.  224)  determines  2TrWo(p,  q),  the  phase  variation  over  the  spherical 
reference  wave.  Triangulation  of  the  l)undle  of  axial  rays  in  accordance 
with  the  above  convention  serves  also  to  determine  T{p,  q),  the  am- 
plitude transmission  along  the  axial  rays.     Since  the  spherical  reference 
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wave  converges  upon  0  and  since  this  wave  is  a  wave  front  in  the  par- 
axial region,  TFo(0,  0)  =  0.  Tip,  q)  shall  be  normalized  such  that 
T{0,  0)  =  1.  It  has  already  been  assumed  in  stating  the  primary  dif- 
fraction integral  that  the  objective  satisfies  Abbe's  sine  condition. 
When  the  bundle  of  axial  rays  is  converged  in  accordance  with  Abbe's 
sine  condition,  there  is  introduced  over  the  spherical  reference  wave 
(Osterberg  and  Wilkins,  1949)  an  amplitude  variation  k{p)  given  by 

k(p,  q)  =  k{p)  = ^  ,  ;  (3.1) 

[1  -  {nMp/riQyy 

P  =  ;  (3.1a) 

n 

in  which  /?o  and  n  are  the  refractive  indices  in  the  object  and  image 
space,  respectively,  and  M  is  the  magnification  ratio  between  the  object 
and  image  planes.     Hence 

A,(p,q)  =  T(p,q)k{p,q)  (3.2) 

is  the  normalized  amplitude  variation  over  the  spherical  reference  wave 
in  the  absence  of  coating  material  upon  the  diffraction  plate.    27rlFo(p,  q) 
is  the  corresponding  phase  variation  in  radians    over    the    spherical 
reference  wave. 
Let 

,(p,,).di(M)f!!!!!!^.  (3.3) 

(n    —  p''  —  q  ) 

Then  the  pupil  function  P{p,  q)  is  given  by 

P(p,  q)  =  c(p,  q)rP{p,  q)  (3.4) 

in  which  c(p,  q)  is  a  complex  coating  function  which  specifies  the  ampli- 
tude and  phase  transmission  of  the  coating  material  on  the  diffraction 
plate.     Let  c{p,  q)  be  written  in  the  form 

c{p,q)  =  \c{p,q)\e'^'^'^^''^\  (3.4a) 

The  amplitude  transmission,  \c{p,  q)\,  is  to  be  taken  along  the  direction 
in  which  the  axial  rays  pass  through  the  coating  material.  The  phase 
angle,  arg  c(p,  q),  is  to  be  determined  from  the  optical  path  along  the 
normal  to  the  coating  material  when  the  diffraction  plate  is  perpendic- 
ular to  the  optical  axis. 

It  is  often  expedient  to  replace  the  optical  direction  cosines  p,  q  by 
the  polar  angles  ^  and  the  azimuthal  angles  4>.     It  follows  from  the 
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notation  of  Fig.  VII. 4  that 

p  =  — n  sin  d  cos  </>  =  —np  cos  0; 

q  =  —n  sin  ??  sin  <^  =  — /?p  sin  </>; 


p  =  sin  ??  = 


n 


(3.5) 


Fig.  VII.4.     Geometrical  relations  among  the  optical  direction  cosines  p,  q,  the 
polar  angle  t?,  and  the  azimuthal  angle  <^. 

In  microscopy  the  refractive  index  n  is  ahvays  unity  in  the  image  space. 
Henceforth  we  shall  therefore  set 


n  =  \. 


(3.6) 


p  is  the  zonal  numerical  aperture  of  the  objective  with  respect  to  the 
image  space.     Furthermore, 

Pm  =  sin  §m  (3-7) 

is  the  maximum  numerical  aperture  of  the  objective  with  respect  to  its 
image  space.  p,„  is  related  to  the  numerical  aperture,  N.A.,  of  the  objec- 
tive in  accordance  with  the  equation 


\M\ 


=  N.A. 


(3.8) 


For  optical  systems  that  are  symmetrical  about  their  optical  axis,  it 
follows  at  once  that 


Tip.q)  ^  Tip); 

k{p,  q)  =  kip); 

W^iV,q)  ^  WM] 

'/'(?>,.  q)  =  '/'(p)- 


(3.9) 


'A(p)  =  r. j^iT^^^ir^Tirwr  ^^-^i) 
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Hence 

P(p,  5)   =  P(p)   =  c{p)rP{p).  (3.10) 

In  detail, 

(1  -  7W-  {Mp/n^Y]' 

In  the  conventional  microscope  p,n  <  0.04  with  0  ^  p  ^  p,„.     There- 
fore with  excellent  approximation 

(1  -  p')'  =  1  (3.12) 

in  Eq.  3.11.     Consequently,  it  suffices  to  take  \p{p)  in  the  simpler  form 

Furthermore,  with  objectives  of  relatively  low  numerical  aperture 

T(p)--1; 

1;  (3.14) 


l-f^ 

\no  /  J 


so  that 

,/'(p)^e2^^^^''^p)  (315) 

If,  in  addition,  the  objective  is  free  of  spherical  aberration,  Wq(p)  =  0 
and 

^(p)  =  1;  (3.16) 

Pip)  =  c(p);     0  ^  p  ^p,n.  (3.17) 

It  should  be  noted  that  in  the  paraxial  region,  where  p  approaches  zero, 

^(p)  =  1; 

Pip)  =  cip);  (3.18) 

irrespective  of  the  spherical  aberration. 
From  Eqs.  2.14,  3.5,  and  3.(i, 

P^ip,  q)  =  PAp)  =  Pip)e'^''^'  -''^\  (3.19) 

We  have  seen  that  in  a  microscope  Pm  <  0.04  with  0  ^  p  ^  Pm-     Hence 
with  excellent  approximation 


9 


(1  -  p2)^  =  1  -  ^  (3.20) 

so  that 

Pzip)  =  e^''''Pip)e-'^''"''^'^  (3.21) 
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The  phase  factor  p-'*'^-''-'  -  will  l)e  recognized  as  the  classical  zonal 
phase  factor  associated  with  an  observation  plane  which  is  displaced  z 
wavelengths  from  the  conjugate  image  plane. 

In  summary,  the  primary  diffraction  integral  V {x  —  .l/.ro,  y  —  Myo) 
is  given  by 

U{x  -  Mxo,  y  -  ^[yo) 

P(p,  g)(.-^^'lp(x-.U.ro)  +  ,(i/-3/^o))   ^^  ^^  ^322) 


=/:/- 


in  which  the  pupil  function  P{p,  q)  is  given  by 

Pip,  9)  =  0  (3.23) 

when 

and  by 
when 


p-  +  q~  >  pm~  (3.23a) 

P{p,  q)  =  P{p)-  iV^I ^  ^^-2^^ 

[1  -  (J/p  /((,)-]' 


0  ^  p2  ^  r  =  P-  ^  pj.  (3.24a) 

The  coating  function  c(p,  q)  =  c(p)  specifies  in  accordance  with  the 
convention  of  Eq.  3.4a  the  amplitude  and  phase  transmission  of  the 
coating  material  of  the  diffraction  plate.  T{p,  q)  —  T{p)  is  the  am- 
plitude transmission  along  the  axial  rays  in  the  absence  of  coating 
material  on  the  dift'raction  plate.  27riro(p,  q)  =  27riro(p)  radians  is 
determined  from  the  integral  over  the  lateral  spherical  aberration  of  the 
axial  rays  in  the  aV)sence  of  coating  material  on  the  diffraction  plate. 
Woip)  is  to  be  considered  as  negative  when  it  represents  a  reduction  of 
the  optical  path  with  respect  to  the  spherical  reference  wave,  no  and 
n  are,  respectively,  the  refractive  indices  of  the  object  and  image  space 
with  n  =  1.  M  is  the  magnification  ratio  between  the  conjugate  oliject 
and  image  planes.  When  /(  =  \,  p  and  q  are  the  direction  cosines  of 
the  normals  to  the  spherical  reference  wave  of  the  image  space.  Further- 
more, p  and  q  are  related  to  the  polar  angle  d  and  to  the  azimuthal  angle 
(/)  of  these  normals  in  accordance  with  Eqs.  3.5.  All  distances  are  to  be 
measured  as  numbers  of  wavelengths.  Equations  3.22  and  3.24  con- 
tain the  assumption  that  the  objective  satisfies  the  Abbe  sine  condition. 
The  primary  diffraction  integral  of  Eq.  3.22  applies  to  the  conjugate 
object  and  image  planes  but  holds  also  for  obser\'ation  planes  w^hich  are 
displaced  by  z  wavelengths  from  the  conjugate  image  plane  when  the 
pupil  function  P(p,  q)  is  replaced  by  the  afocal  pupil  function 

Pzip,  q)  =  Pz^p)  -  e-'^'-'P(p)e-'^^-'''^)/-.  (3.25) 
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The  functions  P,  T,  W^,  and  c  are  expressed  in  terms  of  the  direction 
cosines  p,  q  when  the  optical  system  is  not  symmetrical  axially  but  can 
be  expressed  in  terms  of  the  zonal  numerical  aperture  p  of  the  image 
space  when  the  optical  system  does  possess  axial  symmetry.  Finally, 
the  inequalities  of  K(\h.  3.23  and  3.24,  which  serve  as  limits  of  integration 
in  Eq.  3.22,  have  been  written  explicity  for  objectives  having  circular 
apertures.  These  inequalities  are  easily  modified  for  application  to  ob- 
jectives having  rectangular  apertures. 

i.  SPECIFICATION    OF    THE    COATING    FUNCTION    c(p,q)    IN    PHASE 
MICROSCOPY 

The  following  conventions  will  be  used  in  specifying  the  coating 
function  c(p,  q)  in  a  Zernike  system  of  phase  microscopy.  In  Zernike's 
method  the  conjugate  and  complementary  areas  of  the  diffraction  plate 
are  coated  differently  with  substantially  uniform  coatings. 

Let  Cofp,  q)  and  c^  {p,  q)  denote  the  amplitude  and  phase  transmission 
of  the  coating  material  on  the  conjugate  and  complementary  areas, 
respectively.     We  set 

Co(p,  g)  =  ho(p,q)e'''; 

ci(p,q)  =  h,(p,q)e'^K  (4.1) 

The  amplitude  transmissions  ho  and  hi  are  to  V)e  specified  along  the 
direction  in  which  the  axial  rays  pass  through  the  coating  material. 
The  phase  transmissions  Sq  and  5i  are  to  be  determined  from  the  optical 
paths  along  the  normal  to  the  coating  material.  6o  and  5i  may  be  taken 
as  independent  of  p,  q  because  the  amount  of  sphei'ical  aberration  as- 
sociated with  the  passage  of  the  axial  rays  through  the  extremely  thin 
coating  materials  of  the  diffraction  plate  is  secondary  and  therefore 
negligible. 

In  a  conventional  microscope  0  ^  p^  -\-  q^  ^  p,ri^  with  p„,  <  0.04.  If 
the  diffraction  plate  is  located  well  away  from  the  object  space  of  the 
objective,  the  range  in  p,  q  becomes  so  small  that  ho(p,  q)  and  hxip,  q) 
are  substantially  constant.     Whenever  this  is  true,  we  let 

Ci(p,q)        hi 

h  is  physically  the  ratio  of  the  amplitude  transmission  of  the  coating 
material  on  the  conjugate  area  to  the  amplitude  transmission  of  the 
coating  material  on  the  complementary  area.  5  is  determined  from  the 
optical  path  difference  in  radians  between  the  conjugate  and  com- 
plementary areas  and  is  considered  as  positive  when  the  optical  path 
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through  the  conjugate  area  exceeds  that  through  the  complementary 
area. 

Since  Ci  (p,  q)  9^  0,  no  essential  loss  of  generality  is  obtained  by  setting 

c(p,  q)  =  Clip,  q)  =  1  (4.3) 

for  points  {p,  q)  of  the  complementary  area  and  by  setting 

c{p,  q)  =  he'^  (4.4) 

for  points  (p,  q)  in  the  conjugate  area. 

In  phase  microscopy  the  conjugate  area  is  so  narrow  that  the  varia- 
tion introduced  into  h.Qip,  q)  by  the  allowable  range  in  p,  q  is  negligible. 
Since  h\  (p,  q)  =  1  when  the  absorbing  material  is  placed  upon  the  con- 
jugate area,  Eqs.  4.3  and  4.4  apply  with  excellent  approximation  to  all 
A-type  diffraction  plates,  irrespective  of  the  location  of  the  diffraction 
plate.  This  is  not  necessarily  true  for  B-type  diffraction  plates  which 
are  used  in  conjunction  with  oil  immersion  objectives.  With  B-type 
diffraction  plates  it  may  in  some  instances  become  necessary  to  return 
to  Eqs.  4.1.  If  the  conjugate  area  is  narrow,  one  may,  however,  in- 
troduce the  simplification 

Coiv,q)  -Ke'''  (4.5) 

in  which  Jiq  is  specified  by  hoipm,  qm)  where  pm  and  qm  are  the  median 
values  of  p  and  q  in  the  narrow  conjugate  area. 

5.  THE    PRIMARY    DIFFRACTION    INTEGRAL    WITH    AIRY-TYPE    OB- 
JECTIVES 

An  Airy-type  objective  is  defined  as  one  for  which  the  aberration 
function 

'/'(p,  q)  =  1.  (5.1) 

Real  ol)jecti\Ts  have  the  propei'ty  that  \{/{p,  q)  approaches  unity  at  low 
numerical  aperture.  Whenever  the  objective  obeys  or  approximates 
closely  the  condition 

HP,  q)  =  1,  (5.2) 

Pip,  q)  =  dp,  q)  (5.3) 

so  that  the  pupil  function  is  numerically  equal  to  the  coating  function. 
If  the  diffraction  plates  of  such  objectives  are  uncoated,  dp,  q)  =  I 
and  Pip,  q)  =  1.  Equations  5.2  and  5.3  are  of  theoretical  and  practical 
importance  because  they  are  often  approximated  by  well-corrected 
objectives  of  relatively  high  numerical  aperture.  Whenever  approxi- 
mate solutions  are  acceptable,  the  pupil  function  is  given  with  sufficient 
accuracy  by  the  simplified  statement  of  Eq.  5.3. 
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Suppose  that  Eq.  5.3  is  satisfied,  that  c(p,  q)  =  1,  and  that  the  object 
point  is  located  at  Xq  =  y^  =  0.  Then  the  primary  diffraction  integral 
reduces  to 


u{x,  y)  =  rrf/^^'(/'^+92/)  (^p  f/^ 


(5.4) 


for  points  .r,  y  of  the  conjugate  image  plane.     From  Equations  3.5  and 
5.4,  with  n  =  1, 

0       Jo 

Jnpm 
u 

■,^Ji[27rp,J.r2  +  /)-] 
27rp,„(.r-  +  r) 

in  which  Jy  and  Ji  are  Bessel  functions  of  zero  and  first  order,  respec- 
tively.    Introducing 

r  =  (.r^  +  r)% 
one  finds  that 


U(x,  y)  ^  U{r)  =  TTp, 


^2./i(27rrp„0 
27rrp,^ 


(5.6) 

(5.7) 


Since  the  energy  density  E{r)  is  proportional  to  |t/(r)| 


E{r) 

2       4 


=    4 


J  i(2irrp,n) 
.     27rrp,„     . 


(5.8) 


Equation  5.8  describes  the  classical  energy  distribution  produced 
over  the  image  plane  by  the  coherent  light  emitted  by  an  object  point 
which  is  located  upon  the  optical  axis.  The  discovery  of  this  distribu- 
tion law  is  attributed  to  Airy.  We  see  therefore  that  \U{x,  y)\-  de- 
scribes an  Airy  type  of  diffraction  image  when  the  objective  is  of  the 
Airy  type. 

By  introducing  p,„  from  Eq.  3.8  into  Ecj.  5.8,  we  find  that 


M^Eir) 
7r-(N.A.)-^ 


=  4 


'■7i(27rrN.A./|M|)' 
27rrN.A./|M| 


(5.9) 


Since  the  first  positive  root  of  ^1(2)  =  0  occurs  at  2  =  3.8317,  the  first 
zero  value  of  E{r)  occurs  at 

r  3.8317        0.6098 


\M\ 


2tt  N.A. 


N.A. 


wavelengths. 


(5.10) 
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It  follows  from  a  criterion  which  is  often  attributed  to  Airy  that  two 
object  points  are  just  resolvable  when  their  separation  in  the  object 
space  is  equal  to  r/|il/|  wavelengths  as  determined  by  the  classical 
Eq.  5.10.  To  those  who  have  not  had  the  opportunity  of  studying 
Luneberg's  derivation  of  the  primary  diffraction  integral,  Eqs.  5.7, 
5.8,  and  5.10  will  serve  to  demonstrate  that  the  primary  diffraction 
integral  includes  the  classical  behavior  of  diffraction  images. 

Airy-type  objectives  may  become  important  in  adapting  the  phase 
microscope  to  the  measurement  of  the  properties  of  an  object  particle. 
It  is  pointed  out  that  an  objective  not  normally  of  the  Airy  type  may  be 
rendered  of  the  Airy  type  by  placing  upon  the  diffraction  plate  or  upon 
an  adjacent  plate  a  second  coating  material  whose  auxiliary  coating 
function  a{p,  q)  is  related  to  the  aberration  function  i/'(p,  q)  by  the 
equation 

a{v,q)Hv,q)  =  1-  ^5.11) 

Then 

P(p,  q)  =  c(p,  q)a{v,  q)xl^(p,  q)  =  dp,  q).  (5.12) 

6.  A  TRANSPORT   PROPERTY   OF  THE   PRIMARY   DIFFRACTION   IN- 
TEGRAL 

Suppose  that  the  object  plane  has  been  illuminated  in  any  suitable 
way  w^hich  causes  Huygens'  wavelets  to  leave  elements  of  area  dxo  dyo 
of  the  object  plane  with  a  coherent  amplitude  and  phase  distribu- 
tion described  by  some  "civilized"  but  otherwise  arbitrary  function 
x(.ro,  yo)  dxodyo.  The  function  x(-^'o,  Vo)  is  then  equivalent  to  the 
existence  of  x  unpolarized  dipoles  of  unit  strength  per  unit  area.  Since 
each  unpolarized  dipole  produces  the  amplitude  and  phase  distribution 
U{x—Mxo,  y  —  Myo)  in  the  conjugate  image  plane,  the  assembly  of 
X  unpolarized  dipoles  in  the  element  of  area  dxQ  dyo  produces  the  ampli- 
tude and  phase  distribution 

xixo,  yo)U{x  -  Mxq,  y  -  Myo)  dxo  dyo  (6.1) 

in  the  conjugate  image  plane.  The  physical  meaning  of  this  amplitude 
and  phase  distribution  is  subject  to  the  reservations  described  at  the 
end  of  Section  2.  We  may  say  that  the  phase  and  amplitude 
x(^o,  ^o)  dxo  dyo  of  the  wavelets  which  leave  an  element  of  area 
dxo  dyo  of  the  object  plane  is  transported  to  the  image  plane  as  the 
product  of  x(-i'o,  Vo)  dxo  dyo  and  the  primary  diffraction  integral. 

The  coherent  distributions  (Eq.  6.1)  which  are  produced  from  differ- 
ent elements  of  area  dxo  dyo  of  the  object  plane  overlap  at  any  point  .r,  y 
of  the  image  plane.  The  resultant  amplitude  and  phase  so  produced  at 
point  X,  y  is  therefore  the  sum  or  integral  of  the  products  (Eq.  6.1)  over 
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all  elements  of  area  of  the  object  plane.  Let  F(x,  y)  denote  this  resultant 
amplitude  and  phase  distribution.     Then 

/      x(^'o,  yo)U{x  -  Mxo,  y  -  Mijo)  dxQ  dyo      (6.2) 

in  which  x(^o^  Vo)  is  required  to  be  zero  beyond  the  field  of  view  of  the 
optical  instrument  and  in  which  all  dimensions  are  to  be  measured  as 
numbers  of  wavelengths.  Hence  we  may  say  that  the  coherent  ampli- 
tude and  phase  distribution  x(-*"o,  Vo)  of  the  object  plane  is  transported 
to  the  image  plane  as  the  coherent  amplitude  distribution  F(x,  y). 


Incident  wave  front 
Fig.  VII. 5.     Coherent  illumination  of  the  object  plane  A'oFq. 


7.  THE   MOST   GENERAL   STATEMENT  OF  THE  DIFFRACTION   INTE- 
GRALS OF  PHASE  MICROSCOPY 

Suppose  that  a  substantially  plane  wave  front  whose  normals  have  the 
optical  direction  cosines  po,  9o  is  incident  (as  in  Fig.  VII. 5)  upon  the 
object  plane.  The  light  in  this  incident  beam  originates  at  an  in- 
finitesimally  small  area  in  the  source  of  light  and  may  be  regarded  as 
coherent.  From  a  knowledge  of  po,  9o  and  of  the  physical  properties  of 
the  object  specimen,  one  can  construct  a  function  x(^o,  Vq,  Po,  Qo)  dxo  dyo 
which  gives  the  amplitude  and  phase  of  the  wavelets  which  leave  an 
element  of  area  dxQ  dyo  of  the  object  plane.  The  difficulties  of  con- 
structing x(-i'o,  2/0,  Po,  Qo)  can  become  great  even  with  relatively  simple 
object  specimens,  and  the  difficulties  of  integrating  the  expressions  in 
which  xi^o,  Vo,  Po,  Qo)  appears  can  readily  become  insurmountable. 
Except  with  very  simple  object  specimens,  considerable  ingenuity  will 
be  required  in  finding  a  good  approximation  to  x(-^o,  Vo,  Po,  Qo)  and  in 
integrating  the  resulting  diffraction  integrals  with  satisfactory  approxi- 
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mation.  When  x(-'"o,  yo,  Vo,  9o)  has  been  found,  the  amphtude  and 
phase  distribution  F(x,  y,  po,  qo)  produced  over  the  image  plane  by  the 
coherent  hght  in  the  incident  wave  front  whose  normals  have  the 
optical  direction  cosines  po,  Qo  is  given  according  to  the  transport 
property  of  the  primary  diffraction  integral  by  the  equation 

F{x,  ij,  Po,  f/o)  =  /      /      xC^o,  yo,  Po,  go) 

y.V{x-  Ma-o,  y  -  Mvq)  dxQ  dijQ     (7.1 ) 

in  which  x  is  recjuired  to  be  zero  for  points  Xq  yo  which  lie  beyond  the 
field  of  view  of  the  objective.  Equation  7.1  will  be  most  accurate  for 
points  .r,  y  which  fall  near  the  optical  axis.  Consequently,  the  object 
specimen  should  be  placed  upon  or  near  the  optical  axis  whenever  its 
imagery  is  to  be  interpreted  with  the  aid  of  the  diffraction  integrals  of 
phase  microscopy. 

Let  E{x,  y,  pa,  qo)  denote  the  energy  density  produced  over  the  image 
plane  by  the  light  in  the  incident  wave  front  whose  normals  have  the 
optical  chrection  cosines  po,  qo.  We  shall  call  E{x,  y,  po,  qo)  the  partial 
energy  density.  It  is  produced  by  the  light  from  an  infinitesimally  small 
portion  of  the  source  and  is  proportional  to  \F{x,  y,  po,  qo)\- 

E{x,y,po,qo)    ■   \F{x,  y,  po,  qo)\^-  (7.2) 

Let  G{x,  y)  denote  the  total  energy  density  produced  in  the  image  plane 
by  light  from  all  the  effective  elements  of  area  in  the  source.  G{x,  y) 
can  be  obtained  by  integrating  over  the  effective  area  of  the  source  or 
by  integrating  over  the  optical  direction  cosines  po,  qo  of  the  total  beam 
of  rays  which  are  incident  upon  the  object  plane.  We  know  that  there 
must  exist  a  positive  function  S{po,  qo)  such  that 

G{x,  y)  =  ff    /^P"^'^      ^  \F(x,  y,  po,  9o)|'  dpo  dqo        (7.3) 
J  J  7io^  -  Po    -  qo 

in  which  the  limits  of  integration  extend  over  the  optical  direction 
cosines  po,  qo  of  the  family  of  rays  which  are  incident  upon  the  object 
plane.  This  family  of  rays,  and  hence  po,  qo,  is  limited  by  the  opening 
in  the  diaphragm  of  the  substage  condenser.  Since  S{po,  qo)  must  be 
proportional  to  the  energy  radiated  in  the  po,  qo  direction,  S(po,  qo) 
will  be  proportional  to  the  intensity  of  the  source.  Furthermore, 
S{po,  qo)  must  be  expected  to  be  proportional  to 

cos  T?o  =  —  (V  -  Po^  -  qo^)'  (7.4) 

Wo 

because  the  normal  to  the  aperture  of  the  objective  makes  the  angle 
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do  with  the  rays  which  enter  the  objective  in  the  object  space.  If  the 
source  obeys  Lambert's  law  and  is  uniformly  bright,  the  intensity  of  the 
source  is  proportional  to  cos  d^-  For  simplicity  of  presentation,  we 
take  the  combination  of  proportionality  factors  as  unity  and  assert  that 
with  Lambertian  sources  of  uniform  brightness 

Gi^,  y)  =JJ  k'X-r,  y,  Po,  go)  I"  ^Ipo  dqo  (7.5) 

in  which  the  integral  extends  over  the  optical  direction  cosines  po,  go  of 
the  rays  which  are  incident  upon  the  object  plane.  Except  when  it  is 
demonstrable  that  the  more  general  expression  of  Eq.  7.3  can  or  should 
be  used,  Ecj.  7.5  suffices  for  the  purpose  of  computing  the  variation  in 
the  total  energy  density  over  the  image  plane  of  a  phase  microscope  or 
of  an  ordinary  microscope. 

A  remarkable  simplification  occurs  when  the  opening  in  the  diaphragm 
of  the  substage  condenser  is  small.  In  this  case  the  variation  in  pq,  Qq  is 
so  small  over  the  restricted  range  of  po,  q^  that  the  integrand  in  Eq.  7.3 
remains  sensibly  constant.     Then 


G{x,  y)  =  —, 7, ^  \F{x,  y,  po,  qo)\    j  j  dpo  dqo 

"d"  —  Pn~  —  f/o^  'J'J 


Sipo,  qo) 
Lr{x,  y)  =  —^ 

so  that 


G(x,  y)  =  K\F{x,  y,  po,  qo)\^  (7.6) 

wherein  K  is  a  parameter  which  depends  on  the  size  and  location  of  the 
opening  in  the  condenser  diaphragm.  With  Lambertian  sources  of 
uniform  brightness  K  will  depend  only  upon  the  size  of  the  opening  in 
the  condenser  diaphragm.  Of  course,  K  increases  with  the  strength  of 
the  source  of  light.  Equation  7.6  applies  to  the  types  of  illumination 
which  were  treated  by  Abbe.  More  specifically,  it  applies  to  narrow 
cones  of  either  axial  or  oblique  illumination. 

8.  THE  DIFFRACTION  INTEGRALS  IN  TERMS  OF  THE  OBJECT  FUNC- 
TION /(.ro,  yo,  po,  qo) 

There  exists  a  broad  class  of  object  specimens  for  which  the  function 
x(^Oj  yo,  Po,  qo)  of  the  last  section  can  be  written  in  the  form 

xi-i-o,  yo,  Po,  qo)  =  Ce^-'^^«-"+'^»^"y(.i-o,  yo,  Po,  qo).  (8.1) 

C  is  a  complex  number  not  depending  on  (.ro,  yo,  Po,  qo)-  The  expo- 
nential is  a  phase  factor  due  to  the  incidence  of  an  inclined  wave  front. 
The  object  function  /(.ro,  yo,  Po,  qo)  may  be  interpreted  as  the  change 
produced  in  the  amplitude  and  phase  transmission  of  the  object  plane 
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by  the  presence  of  the  object  specimen.  Equation  8.1  is  most  readily 
applied  to  object  specimens  which  can  be  subdi\'ided  into  areas  of 
practically  constant  optical  path.  Equation  8.1  is  not  the  most  con- 
venient way  of  formulating  the  function  x  in  the  case  of  spherical 
particles  (more  generally,  lens-like  particles). 

We  shall  now  derive  Eq.  8.1  on  the  supposition  that  the  virtual  image 
of  the  source  of  light  as  formed  by  the  combined  lamp  and  substage 
condensers  behaves  as  a  self-luminous  source.  Because  the  condenser 
diaphragm  is  located  at  or  slightly  inside  the  first  focal  plane  of  the 


iX„y|,(plane  of  the  virtual  image  of  the  source) 


\j:i,  =  Ms  Xs 

Fig.  VII. 6.     Relative  locations  of  the  object  plane  A'oFo  and  tlie  plane  X„Yv  which 
is  occupied  by  the  virtual  image  of  the  source  of  Ught.     The  distance  Z„  will  be  great. 


substage  condenser,  the  plane  X^Yy  of  the  virtual  image  is  located  far 
to  the  left  of  the  object  plane  XqYq  of  Fig.  VII. 0.  The  luminous  portion 
of  the  X^F-t,  plane  is  limited  to  the  image  formed  in  this  plane  of  the 
opening  in  the  condenser  diaphragm. 

Wavelets  from  a  point  P^  within  the  luminous  portion  of  the  distant 
XvYv  plane  expand  according  to  the  law  e^"'""^''/-^-  For  points  belonging 
to  the  object  plane 


wherein 


=  [R^^  +  xq^  +  ijQ-  -  2(xox„  +  yoVv)]^; 


Rxi      =       {Xy"      -\-     l/v"      +     Zu")^. 


(8.2) 


(8.3) 


When   Zv   is   large   enough,    R^^ »  xq    +  Vq  .    Then   with   excellent 
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approximation 

R   =   R^-  ^»^-  +   ^"^"   ;  (8.4) 

Rv 


,2^  _  e^"'-"^"    _2^,„^  XqX,  +  ypy. 


i^  Rv  R'p 


(8.5) 


With  reference  to  Fig.  VII. G,  the  rays  originating  at  point  Pv  are  incident 
upon  the  object  plane  along  the  direction  P^Oq  as  Z^  approaches  infinity. 
Let  po,  qo  be  the  optical  direction  cosines  of  rays  which  are  parallel  to 
the  direction  PiOq.  Then  from  the  trigonometric  meaning  of  a  direction 
cosine 

Po  =  —^ —  ;         9o  =  -^^0^-  (8.6) 

Let  po,  50  from  Eq.  8.6  be  substituted  into  Eq.  8.5.  We  learn,  ac- 
cordingly, that  the  plane  wave  originating  at  point  P,.  induces  upon  the 
object  plane  XqYq  the  amplitude  and  phase  distribution 


Rv 


e 


2iri(poa;o+g(M/o) 


(8.7) 


in  which  -p^,  Qq  are  the  optical  direction  cosines  of  the  normals  to  the 
wave  front.  If  fixo,  ijq,  po,  qo)  denotes  the  change  produced  in  the 
amplitude  and  phase  transmission  of  the  object  plane  by  the  presence 
of  the  object  specimen,  we  see  that  the  wavelets  from  point  P„  emerge 
from  the  object  plane  with  an  amplitude  and  phase  distribution 
x{xo,  yo,  Po,  Qo)  which  is  given  by 

'ZirinoRv 

Xixo,  yo,  Po,  qo)  =  ^^—  e^'-'(^"^»+^°^«V(xo,  yo,  Po,  qo)-         (8.8) 

It  will  be  noted  that  Eq.  8.8  agrees  with  Eq.  8.1  and  specifies  the  complex 
number  C. 

As  in  Eq.  7.1,  let  F{x,  y,  po,  qo)  denote  the  amplitude  and  phase 
distribution  produced  in  the  image  plane  by  the  incidence  upon  the 
object  plane  of  a  wave  front  whose  normals  have  the  optical  direction 
cosines  po,  qo-     Then 

2irinoRv 

Fix,  y,  Po,  qo)  =  s —  ^o(^-,  y,  Po,  qo)  (8.9) 

where 

Foix,  y,  Po,  go)  -  r     f   e2--(^o-o+^o^o) 

«y  —  CO  t/  —  00 

X/(a:o,  yo,  Po,  qo)U{x  -  Mxo,  y  -  Myo)  dxo  dyo.         (8.10) 
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The  object  function  /(xq,  ijq,  po,  go)  is  required  to  be  zero  beyond  the 
field  of  view  of  the  objective.  All  distances  are  dimensionless  because 
they  are  to  be  measured  in  wavelength  numbers.  As  we  shall  see 
presently,  Fo{x,  y,  po,  go)  is  the  function  of  most  significance  to  the 
theory  of  microscopy.  We  shall  call  Fo{x,  y,  po,  go)  the  amplitude  and 
phase  distribution  of  the  image  plane  even  though  Fq  differs  from  F  by 
the  factor  of  Eq.  8.9. 

The  partial  energy  density  E{x,  y,  po,  Qo)  is  given  by 

E{x,  y,  Po,  qo)  =  \F(.x,  y,  Po,  qo)\'^  =  ^  \Fq{x,  y,  po,  qo)\'^.       (8.11) 

Let 

S{po,  qo)  =  Six^,,  ?/^,,  Xo,  yo);         xq  =  yo  ^  0  (8.12) 

be  an  energy  function  which  is  proportional  to  the  energy  radiated  from 
point  Pi,  (Fig.  VH.(j)  in  the  po,  qo  direction  and  which  is  subsequently 
accepted  by  the  projected  area  of  the  objective.  If  G{x,  y)  denotes  the 
total  energy  distribution  in  the  image  plane, 

Gi.^,  ?/)  =  //       '"  D  9  °'         \Po{x,  y,  Po,  qo)\^  dxy  dy,     (8.13) 

in  which  the  integral  extends  over  the  luminous  area  of  the  X^Y^,  plane, 
that  is,  over  that  portion  of  the  A',,}',,  plane  which  is  occupied  by  the 
image  of  the  opening  in  the  diaphragm  of  the  substage  condenser. 
Xo,  yo  in  Eq.  8.13  refers  to  the  particular  point  Xq  =  0,  yo  =  0,  with 
reference  to  which  po  and  go  are  determined  by  Eq.  8.6. 
From  Eq.  8.6 


_  _^ Zvpo/np 

Xy   —  Po    —  /       2  2  2\' 

Wo  (aio    -  Po    -  qo)' 


Rv  Zi,qo/no 

Vv  = qo  = 


(8.14) 


'i'J  /        2  2  2\'- 

no  (no    -  Po    -  qo  ) 


Hence 


J  ("^  =      .      ^\ ,  (8.15) 

\po,  qo/ 


2  9  2 

no    -  Po"  -  qo 


where  ./  is  the  Jacobian  of  the  indicated  variables.  If,  therefore,  the 
variables  .t„,  y^  in  Eq.  8.13  are  transformed  to  the  variables  po,  qo  in 
accordance  with  Eqs.  8.14,  it  follows  that 

Sjpo,  qo) 
no"  -  Po^  -  qo' 


G{x,  y)  =  ff    /^Po>/o^         \Foix,  y,  po,  qo)  Y  dpo  dqo     (8.16) 

J  J  Tin     —  Vn     —  Qn 
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in  which  the  integral  extends  over  the  range  of  optical  direction 
cosines  po,  qo  of  the  rays  which  are  incident  upon  the  object  plane. 
This  range  is  limited  by  the  opening  in  the  diaphragm  of  the  substage 
condenser. 

In  summary,  the  total  energy  density  G{x,  y)  in  the  image  plane  is 
given  by  Eq.  8.16  in  which  Fq(x,  y,  Pq,  go)  is  determined  by  Eq.  8.10. 
Furthermore 

OO      t/    —    00 

(8.17) 
P{p,  9)  =  0 

when 

P~  +  q""  >  pJ\  (8.18) 

P(p,  q)  =  P(p)  =  7- ,, 

[1    -    (.l/p//lo)1* 

when 

0  ^  p'  +  ?'  =  p'  ^  pJ-  (8.19) 

For  out-of -focus  image  planes  P(p,  g)  is  to  be  replaced  by  the  afocal 
pupil  function  Pz{p,  q)  as  in  Eq.  3.25. 

The  properties  of  the  optical  system  which  are  peculiar  to  phase 
microscopy  are  contained  in  the  modification  of  the  pupil  function 
P{p,  q)  by  the  coating  function  c{p,  q)  and  in  the  restriction  of  the 
range  of  the  optical  direction  cosines  po,  9o  by  the  choice  of  opening  in 
the  diaphragm  of  the  substage  condenser. 

The  problem  of  integrating  Eq.  8.16  becomes  formidable  since 
Eqs.  8.10  and  8.17  have  to  be  combined  with  Eq.  8.16. 

For  reasons  already  stated  in  Section  7,  G{x,  y)  is  given  with  good 
approximation  by 

G{x,  y)  =JJ\Fq{x,  y,  po,  ?o)|'  dpo  dqo  (8.20) 

when  the  source  of  light  is  Lambertian.  If  the  opening  in  the  diaphragm 
of  the  substage  condenser  is  very  small,  Eq.  7.6  applies  again,  provided 
that  Fq  is  determined  by  Eq.  8.10. 

9.  THE  OBJECT  FUNCTION  /(xn,  jn,  po,  qo)   FOR  PLATE-LIKE  OBJECT 
PARTICLES 

If  the  object  particle  is  of  uniform  thickness  and  refractive  index, 
the  incident  rays  which  have  like  optical  direction  cosines  po,  qo  pass 
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through  the  object  specimen  in  the  manner  iUustrated  by  Fig.  VII. 7. 
The  rays  that  pass  through  the  surround  continue  uninterrupted  except 
at  the  cover  glass  or  other  discontinuities  which  are  of  secondary  interest 
and  which  need  not  be  considered  here.  The  rays  that  pass  through  the 
interior  of  the  particle  suffer  a  lateral  displacement  but  emerge  parallel 
to  their  original  course.  Rays  that  pass  through  the  edge  e  of  the 
particle  suffer  both  displacement  and  deviation.  The  magnitude  of  the 
displacement  and  deviation  depends  on  the  physical  properties  at  the 


Xq,Yq  (object  plane) 


Po'  9o' 


Particle;  fix^,  y^,  p^,  q^)  =  f^ 


Surround;  f(x^,  y^.  p^.  q^)  =  f^ 


Fig.  VII. 7.     Passage  of  rays  through  plate-like  particles. 


edge  of  the  particle.  As  a  result,  the  rays  that  emerge  from  the  edge  of  a 
relatively  thick  particle  may  form  a  brush  of  rays  po',  qo'-  If  the  particle 
becomes  very  thin,  this  brush  effect  becomes  weak  and,  finally,  negligible. 
Herein  lies  an  important  difference  between  thick  and  thin  plate-like 
particles. 

Suppose  first  that  the  particle  is  so  thin  that  the  brush  effect  may  be 
neglected.     For  points  Xq,  yo  in  the  surround  we  may  set 

f(xo,  yo,  Po,  qo)  =  fiipo,  go)  =  |/i(7>o,  go)|  e'^'''^'^^'''^'\ 


For  points  Xo,  yo  in  the  particle,  we  may  set 

fixo,  yo,  Po,  qo)  =  foiPo,  qo)  =  |/o(po,  9o)|  e' ^^^^"^^«'^°\ 


(9.1) 


(9.2) 


The   amplitude    transmissions    \fo(po,  qo)\    and    \f\ipo,  qo)\    are    to    be 
determined  along  the  direction  in  which  the  rays  pass  through  the 
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particle  and  the  surround  for  equal  thicknesses  of  particle  and  surround. 
However,  arg/o(po,  9o)  and  arg/i(po,  Qo),  the  phase  transmissions,  are 
to  be  determined  from  the  optical  path  along  the  normal  to  the  particle 
and  for  equal  thicknesses  of  particle  and  surround.  It  is  assumed  that 
the  plane  of  the  particle  is  practically  normal  to  the  optical  axis.  The 
phase  transmissions  arg  foipo,  qo)  and  arg  fiipn,  cjq)  do  not  depend  on 
po,  Qo  because  phase  variations  due  to  po,  Qo  are  automatically  included 
except  for  secondary  effects  due  to  the  object  specimen  in  the  spherical 
aberration  function  Wo(p,  q). 
If  the  surround  is  opaque, 

Jx(po,qo)  =0.  (9.3) 

If  the  surround  is  not  opaque,  as  is  usual  in  microscopy,  one  may  set 

/i(Po,9o)  =  l  (9.4) 

and  write 

/o(po,  qo)  =  gipo,  qo)e'^  (9.5) 

in  which  A  is  the  optical  path  difference  between  the  particle  and  an 
equal  thickness  of  the  surround  with  A  considered  positive  when  the 
optical  path  of  the  particle  exceeds  that  of  the  surround.  g{po,  Qo)  is  the 
ratio  of  the  amplitude  transmission  of  the  particle  to  the  amplitude 
transmission  of  an  equal  thickness  of  the  surround.  Now  in  systems- 
of  phase  microscopy  the  conjugate  area  of  the  diffraction  plate  is  ordi- 
narily narrow.  Conseciuently  the  range  of  po,  qo  is  limited.  Since 
amplitude  transmissions  are  slowly  varying  functions  of  po,  qo,  it 
suffices  to  take 

g  =  giPom,  qom)  (9.6) 

where  {pom,  qom)  are  the  median  values  of  (po,  qo)-     Hence 

foiPo,qo)  =ge'^;  (9.7) 

h{Vo,qo)  =  l  (9.8) 

express  the  object  function /(.ro,  ijo,  Po,  qo)  for  thin  plate-like  particles 
in  a  transmitting  surround.  The  amplitude  transmission  ratio  g  is  to 
be  computed  for  the  median  value  of  po,  qo  of  the  bundle  of  rays  incident 
upon  the  object  plane.  If,  for  example,  the  opening  in  the  condenser 
diaphragm  is  a  small  hole  centered  upon  the  optical  axis,  the  median 
values  of  po,  qo  are  po  =  9o  =  0-  Q  is  then  the  amplitude  transmission 
ratio  between  particle  and  surround  for  rays  that  pass  through  the 
object  plane  along  the  normal  to  the  object  plane. 

Suppose  next  that  the  particle  is  so  thick  that  the  brush  effect  at  its 
edge  cannot  be  neglected.  Equations  9.7  and  9.8  still  hold  for  points 
^0,  Vo  which  are  located  within  the  edge  and  beyond  the  edge  of  the 
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particle,  respectively.  For  incident  rays  po,  r/o  that  pass  through  the 
edge  of  the  particle  the  object  function/  will  depend  upon  Xq,  yo,  po,  Qo 
in  a  manner  which  is  related  to  the  geometry  of  the  edge  and  to  the 
relative  optical  properties  of  the  particle  and  surround.  It  is  to  be 
presumed  that  when  the  brush  effect  is  included  in  the  object  function 
fixQ,  yo,  Po,  qo),  Equations  8.16,  8.10,  and  8.17  are  capable  of  interpreting 
imagery  at  the  edge  of  a  thick  particle  as  a  function  of  z  when  the  pupil 
function  P{p,  q)  is  replaced  by  the  afocal  pupil  function  Pz{p,  q). 
Calculations  of  this  type  are  extremely  difficult  and  tedious  and  have 
not  been  attempted  to  the  knowledge  of  the  writers.  Such  calculations 
are,  however,  necessary  to  a  complete  interpretation  of  imagery  near 
the  edge  of  a  relatively  thick  particle  such  as  a  cubic  crystal  of  salt. 

The  above  methods  for  writing  the  object  function  are  readily  ex- 
tended to  several  plate-like  particles  or  to  periodic  structures  whose 
elevations  and  troughs  are  plate-like.  If  such  structures  are  so  thin 
that  the  brush  effect  can  be  neglected,  it  suffices  to  introduce  into  the 
diffraction  integrals  of  phase  microscopy  an  object  function  which  is 
formally  independent  of  the  optical  direction  cosines  po,  qo  and  which  is  a 
stepped  function  of  the  object  coordinates  Xq,  yo. 

10.  PHASE  MICROSCOPY  WITH  OBJECTS  OF  PERIODIC  STRUCTURE 

The  theory  of  Section  8  will  now  be  applied  to  objects  of  periodic 
structure  whose  object  function /(xq,  yo,  Po,  qo)  can  be  represented  by 

/(^o,  yo,  Po,  qo)  =  f(-ro,  yo)-  (lo.i) 

This  equation  applies  with  high  precision  to  simple  or  crossed  grating 
structures  whose  troughs  and  elevations  are  shallow  and  do  not  focus 
the  incident  light.  The  troughs  and  elevations  of  Fig.  VII. 8  may  rep- 
resent optical  path  differences  between  the  adjacent  portions  of  the 
periodic  structure,  amplitude  transmissions  of  these  adjacent  portions, 
or  both  optical  path  differences  and  amplitude  transmissions.  If  21  and 
2m  are  the  grating  spacings  along  Xo  and  }'o,  respectively,  the  object 
function  can  be  expressed  by  the  Fourier  series 

fixo,  yo)  =    2^     2^  Ue     V  ;        rnJ  (10.2) 

1/  =    —    00     ^=    —   GO 

in  which  the  Fourier  coefficients  f^.^^  depend  upon  the  details  of  the 
periodic  structure. 

From  Eqs.  8.10  and  10.2 

Foix,  y,  Po,  qo)  =  zJl^  -^"-^  J -J- J  "     e2.^•(po.o+«o.o) 

XU{x  -  Mxo,  y  -  Myo)  dxo  dyo      (10.3) 
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where  Fo(x,  y,  po,  Qo)  is  the  amplitude  and  phase  distribution  produced 
over  the  image  plane  XY  by  the  incidence  upon  the  object  plane  of  a 


Xn  Yn  (object  plane) 


(image  plane)  XY  i 


Normal 


-Coherent,  incident  wave  front 
Fig.  VII. 8.     Object  specimens  of  periodic  structure. 

wave  front  whose  normals  have  the  optical  direction  cosines  po,  Qq. 
Introduce  into  Eq.  10.3  the  change  of  variable 

Xi  =  X  -  ilf.ro;     2/1=2/-  Myo;  (10.4) 

then 


M'Foix,  y,  vo,  qo)  =  e  ''  ZJl^  ^"^^'•'^  '     ^^^"^^ 


B 


U  —  x  %J  — 


-*■"  ^  {.m  +  5)  +  ^'  (i^  +  %')] 


V{x\.  2/1, )  ^xx  dyx. 
(10.6) 


Equations  10.3,  10.5,  and  10.6  contain  the  assumption  that  the  field  of 
view  extends  over  a  great  number  of  wavelengths  and  over  a  large 
number  of  the  grating  spacings.  The  limits  —  oo  to  +  =0  in  the  integra- 
tion with  respect  to  dx^  dyo  or  to  dxi  dy\  now  comprise  an  excellent  ap- 
proximation to  the  truth. 

The  coefficients  By^y,  can  be  stated  more  simply  from  the  following 
considerations.     Since 


U{x,,  2/1)  =ffP(P'  9)^2"^^^^+^^^^  dpdq, 


(10.7) 
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^".M  =  ffl        f     P^V,  g)e2'^'^^^i+''^i^ 

ty  «yty  —  oo  »y  —  oo 

^e"A"  fe  +'^°)+  ^'  fe  ^w)\  dx,  dy,  dp  dq.      (10.8) 
Integrating  with  respect  to  dxi  dy\,  we  obtain 


B,,^  =    lim   ffp{p,q) 


sm 


Vl 


Po  _  _ 
M       2MI 


sm 


X 


) 

2.y.  (^  -  I  -  ^)_ 


TT  U 


i2  _     ^ 
M       2AIm, 

,2„     2 


rfp  dq;       (10.9) 


(10.10) 


p2  _^  ^2    ^  ^:^p,^^ 

Since  the  Dirichlet  integral 

/"        ^  sin  a(x  —  0   ,  .,  s 

fix)        ^         ^,     dx=m; 

—  a  <  t  -\-  a; 
successive  integration  with  respect  to  dp  and  dq  in  Eq.  10.9  yields 

-^V  (10-13) 

Mm/ 


(10.11) 
(10.12) 


"•"  \M       2MI   M       2Mm, 


Discontinuities  in  the  pupil  function  P(p,q)  may  be  ignored  in  the 
theory  of  phase  microscopy  because  such  discontinuities  are  limited  to 
a  small  finite  number  of  loci. 

In  summary:   Given  the  periodic  object  function 


fixo,yo)  -2^Z^f^..<^  ^'     '"^ 


(10.14) 


the  corresponding  amplitude  and  phase  distribution  Fq{x,  y,  po,  go)  in 
the  conjugate  image  plane  is  given  by 

2-n-i, 


Foix,  y,  Po,  qo)  = 


,M 


(p{)X+qoy) 


M' 


XI Z)  ^^J^J^  Cm'- Mm)         (10.15) 


in  which 


Furthermore, 


when 


( 
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'^--'i^-^-^-d£)-      ^--) 


wherein  N.A.  is  the  numerical  aperture  of  the  objective  and  M  is  the 
magnification  ratio  between  the  object  and  image  planes. 

The  amplitude  and  phase  distribution  of  the  light  entering  the  image 
plane  may  now  be  compared  with  the  amplitude  and  phase  distribution  of 
the  light  leaving  the  object  plane.  From  Eq.  8.9  it  will  be  seen  that  the 
phase  factor  e"'"^"^^''/i?i,  is  not  included  in  the  function  Fq{x,  y,  po,qo). 
For  purposes  of  direct  comparison  we  therefore  exclude  this  phase 
factor  from  xU'o,  Vo,  Po,  Qo)  as  given  by  Eq.  8.8  and  write 

XoU-o,  yo,  Po,  go)  -  e2.,:(poxo+<,o.o)  j(,.^^  y^y  (10.19) 

We  call  xo(^'o,  Vo,  Po,  Qo)  the  composite  object  Junction.  It  may  be  inter- 
preted as  the  amplitude  and  phase  distribution  of  the  coherent  light 
which  leaves  the  object  plane.  g27ri{pua;u+go2/o)  jg  jj^  fg^^^  ^^  phase  factor 
which  specifies  the  phase  distribution  induced  upon  the  object  plane  by 
the  incidence  of  a  wave  front  whose  normal  has  the  optical  direction 
cosines  (po,  <1q)-     Hence  the  equations 

Xo(.ro,  2/0,  Po,  go)  =  e2-'-<^«-«+^«^«^  ^^  J.J^  (?  +^°);  (10.20) 

Foix,  y,  Po,  go)  = 

J^2 2^2^B.J,,,e    ^^^'     ^'^-^       (10.21) 

describe  the  amplitude  and  phase  distributions  which  leave  the  object 
plane  and  enter  the  image  plane,  respectively.  Suppose  that  B^,^  =  1. 
Since  points  Xq,  yo  of  the  object  plane  are  imaged  into  points  x,  y  of  the 
image  plane  such  that  x  =  Mxq,  y  —  Myo,  it  follows  that 

Xo  =  M^Fo  (10.22) 

when 

5,.^  =  1.  (10.23) 
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Equations  10.22  and  10.23  are  nothing  but  Lummer's  theorem.  The 
image  is  similar  to  the  object,  provided  that  all  B^^  are  equal  to  unity 
or  any  other  constant.  We  have  seen  in  Section  5  that  Pip,  q)  =  I  for 
an  uncoated  Airy-type  objective.  It  follows  from  Eqs.  10.16-10.18 
that  By,j,  =  1  for  an  idealized  Airy-type  objective  of  infinite  numerical 
aperture.     Fourier  series  have  the  property 

/..M-^0  (10.24) 

as  V  and  /x  become  large.     Hence 

Xo  -^  M^Fo  (10.'25) 

as  V  and  n  become  large  with  Airy-type  objectives. 

Equation  10.25  expresses  Lummer's  theorem  in  its  more  useful  form. 
It  states  that  the  object  and  image  approach  similarity  as  the  number  of 
spectral  orders  reaching  the  image  is  increased. 

A  study  of  Eqs.  10.16-10.18  shows  also  that  the  resolution  formula 
for  the  (j^,  /x)th  spectral  order  is 

4:1m  2  ,        ,         .  . 

T^^T"^]^  -  m1^ I    M  A wavelengths.     (10.26) 

{V  m      -j-  H   l   )'  JN  .A.  objective  +  JN  .  A.  condenser 

The  resolution  formula  for  simply  periodic  structure  whose  spacing  is 
21  wavelengths  along  the  A'o  direction  is  obtained  by  setting  m  —  oo  in 
Eq.  10.26.     Thus 

21  ^  — '^'        wavelengths.  (10.27) 

-'■^  •■^■objective     I     -^^ -A. condenser 

The  choice  of  the  greater-than  sign  in  Eqs.  10.26  and  10.27  gives  the 
necessary  condition  for  resolution  of  the  [v,  ju)th  spectral  harmonic. 
The  choice  of  the  equality  sign  gives  the  physical  limit  of  resolution. 
The  physical  limit  may  be  approached  but  never  attained.  Abbe's 
resolution  formula  for  the  first  spectral  order  is  obtained  by  setting 
V  =  ±1  in  Eq.  10.27. 

The  above  phenomena  are  consistent  with  well-known  experimental 
and  theoretical  facts  about  the  image  formation  with  periodic  structure 
in  the  ordinary  microscope.  Hence  the  formulation  of  Section  8  yields 
predictions  consistent  with  known  facts. 

That  the  formulation  is  capable  of  explaining  phase  microscopy  with 
periodic  structures  will  now  be  demonstrated  in  a  general  manner  from 
Eqs.  10.20  and  10.21.  Note  that  the  composite  object  function  xo  is 
determined  by  the  Fourier  coefficients/^,^  of  the  object  function  whereas 
the  image  function  Fq  is  determined  by  the  Fourier  coefficients 

F.,,  ^  B,J,,,  (10.28) 
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in  which  the  pupil  coefficients  B^y,  are  numerically  equal  to  the  value  of 
the  pupil  function  Pijp,  q)  at  the  points  {p  =  Pq/M  +  v/2Ml,  q  = 
qo/M  +  ii/2Mm).  It  follows  from  Eq.  3.24  that  the  values  B^^  can 
be  altered  at  will  by  the  choice  of  coating  function  cip,  q).  Hence  the 
Fourier  coefficients  F^_^  of  the  image  function  can  be  altered  at  will  with 
respect  to  the  Fourier  coefficients  /^,^  of  the  object  function.  Since  a 
function  described  by  a  Fourier  series  depends  on  the  Fourier  coefficients, 
it  follows  that  the  image  function  can  be  made  quite  different  from  the 
composite  object  function.  In  particular,  we  should  expect  to  be  able 
to  increase  or  decrease  and  to  reverse  contrast  in  the  image.  In  a 
Zernike  system  of  phase  microscopy,  the  coating  material  of  the  dif- 
fraction plate  is  distributed  so  as  to  modify  Bq^q  together  with  a  highly 
restricted  set  of  the  remaining  pupil  coefficients  B^^^.  In  fact,  it  can 
be  shown  that  the  points  {p  =  po/M,  q  =  qo/M)  belong  to  the  con- 
jugate area  of  the  diffraction  plate.  Consequently,  P{po/M,  qo/M) 
is  the  value  of  the  pupil  function  for  points  in  the  conjugate  area. 
Hence  with  respect  to  Eq.  10.16  only  a  highly  restricted  set  of  points 
(p  =  po/M  +v/2Ml,  q  =  qo/M  +  v/2Mm)  will  fall  in  the  conjugate 
area. 

If  the  conjugate  area  is  narrow,  it  can  happen  that  all  (p  =  po/^t  + 
v/2Ml,  q  =  qo/M  -\-  n/2Mm)  fall  in  the  complementary  area  of  the 
diffraction  plate  when  v  9^  Q  ov  ^x  9^  Q  ox  both.  In  this  case  5o,o  ^'^'ih 
be  said  to  be  uniformly  altered  with  respect  to  the  pupil  coefficients 
5^,jx  of  the  higher  spectral  orders.  Since  the  zero-order  coefficient  Bq.o 
is  almost  uniformly  altered  with  respect  to  the  higher  ordered  coeffi- 
cients B^,ju  in  a  Zernike  system  of  phase  microscopy,  it  will  not  be  possible 
to  change  the  image  function  Fo{x,  y,  po,  go)  arbitrarily  with  respect  to 
the  composite  object  function  xo(-^o,  Vo,  Po,  ?o)-  Indeed,  it  can  be  shown 
that  the  effect  of  altering  Bo,o  uniformly  with  respect  to  5^,,,  of  the  higher 
spectral  orders  is  mainly  to  alter  contrast  in  the  image.  Consequently, 
the  Zernike  system  of  phase  microscopy  is  happily  chosen  so  as  to  enable 
one  to  alter  contrast  in  the  image  without  introducing  artifact  beyond 
that  already  present  in  the  ordinary  system  of  microscopy.  In  making 
this  assertion,  it  is  assumed  that  the  conjugate  and  complementary  areas 
are  coated  uniformly  and  differently. 

With  Fo(x,  y,  po,  qo)  determined  by  Eq.  10.21,  the  total  energy  density 
G{x,  y)  in  the  plane  of  the  image  is  given  in  accordance  with  Eq.  8.16 
by  the  relation 


{x,  y)  =  ff     /^^°',^°^      ^  \Fo{x,  y,  po,  90) I'  dpo  dqo.      (10.29) 
J  J  no-  —  Po"  -  qo 


M 
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If  the  source  of  illumination  is  Lambertian,  one  may  set 

/'"'V°^      ,=  1.  (10.30) 

no"  -  Vo    -  Qo 

The  following  formulation  is  equivalent  to  Eq.  10.29  and  is  more  con- 
^^enient  for  some  theoretical  and  practical  purposes.  It  may  be  derived 
from  certain  transformations  which  exist  among  the  various  diffraction 
integrals  of  phase  microscopy.  These  transformations  are  not  included 
in  order  to  conserve  space.     Let 

Kpo,  qo)  =  -^ 5 o'  (10.31) 

^0    -  Po~  -  Qo" 

a  quantity  which  may  be  set  equal  to  unity  with  Lambertian  sources. 
Then  it  can  be  shown  that 

v  H  s  t 

in  which  the  integers  v,  p.,  s,  and  /  range  from    —  co  to  +  "^ ;    in  which 
/^,^  is  conjugate  to /y.^L,;   in  which 

Q..i..s.t=Jj  I(Pihqo)B,,i,Bsjdpodqo;  (10.33) 

and  in  which  the  integration  with  respect  to  dpo  dqo  extends  over  the 
optical  direction  cosines  of  the  rays  incident  upon  the  object  plane. 

It  can  be  shown  from  Eqs.  10.31-10.35  that  the  resolution  formulas 
10.26  and  10.27  hold  irrespective  of  the  source  function  I{po,  qo)  and  of 
the  pupil  function  P(p,  q),  provided  only  that  the  source  function  is 
continuous  and  that  P(p,  q)  is  nowhere  equal  to  zero  within  the  circle 
-p^  +  g"  =  PnC'-  In  a  phase  microscope  the  numerical  aperture  of  the 
condenser  is  equal  to  the  product  noPom  =  n^  sin  t?om  where  §om  is  the 
angle  made  with  the  optical  axis  by  the  most  steeply  inclined  ray  which 
is  incident  upon  the  object  specimen,  no  is  the  refractive  index  of  the 
object  space.  If,  for  example,  the  opening  in  the  condenser  diaphragm 
is  annular,  the  numerical  aperture  of  the  condenser  corresponds  to  the 
numerical  aperture  of  the  outermost  edge  of  the  annular  opening.  The 
physical  limit  of  resolution  is  therefore  somewhat  larger  with  the  phase 
microscope   than   with   the   ordinary   microscope   in   viewing   periodic 


UNIFORMLY    ALTERED    HIGHER   ORDERS  271 

structure.  For  highest  resohition  the  conjugate  area  should  extend  to 
the  edge  of  the  clear  aperture  of  the  phase  objective  in  viewing  periodic 
structure.  On  the  other  hand,  the  physical  limit  of  resolution  will  be 
approached  more  closely  by  the  phase  microscope  than  by  the  ordinary 
microscope  for  those  periodic  structures  which  appear  with  poor  con- 
trast in  the  ordinary  microscope.  This  statement  follows  from  Eq. 
10.20  because  the  left-hand  member  must  exceed  the  right-hand  member 
by  greater  amounts  for  those  systems  of  microscopy  which  reveal  the 
object  in  poorer  contrast.  Since  the  denominator  of  the  right-hand 
member  of  Eq.  10.26  is  only  slightly  different  with  phase  and  ordinary 
microscopes  and  since  the  physical  limit  can  be  approached  more  closely 
by  the  phase  microscope,  there  may  exist  periodic  structures  that  are 
resoh-ed  better  by  the  phase  microscope  than  by  the  ordinary  micro- 
scope. Periodic  structures  whose  troughs  and  elevations  represent 
slight  optical  path  differences  belong  to  this  category  of  object  specimens. 


n 


1   1   r 


f(x^) 


JJ 1      1  r 


X, 


I 

H 21- 


FiG.  VII. 9.     Simply  periodic,  pure  phase  gratings  as  object  specimen.     The  grating 
spacing  is  21  along  the  Xq  direction.     The  troughs  and  elevations  are  supposed  to  be 

equal  in  width. 

10.1.  Phase  gratings  whose  higher  orders  are  altered  uniformly 

A  simple,  pure  phase  grating  is  a  simply  periodic  structure  whose 
troughs  and  elevations  represent  differences  in  optical  path  only.  Let 
the  troughs  and  elevations  be  arranged  across  the  Xq  direction  as  in 
Fig.  MI. 9.  The  object  function  /(xq,  ?/o)  =  fixo)  is  taken  as  unity 
o\QV  the  troughs  and  as  c'^  over  the  elevations.  A  is  the  optical  path 
difference  between  the  elevations  and  the  troughs  and  is  considered 
positi^'e  when  the  optical  path  through  the  elevations  exceeds  that 
through  the  troughs.  This  object  function  is  expressed  as  the  Fourier 
series 
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in  which 


1  VT 

f,  =  /_,  =  —  sm—  (1  -  e 
irv  Z 


iA^ 


(10.1.2) 


Then  from  Eqs.  10.15-10.18 

A2TrilM)(pox+goy) 

Fo{x,y,po,  qo)  =  — 


AI^ 


X 


°°  / 


Po     _v_  go 

M       2Ml'  M 


\j^^i.(.xlMl)^         (10.1.3) 


For  simphcity,  let  us  consider  the  special  case  of  narrow-coned,  axial 
illumination.  The  opening  in  the  condenser  diaphragm  is  a  small  hole 
centered  on  the  optical  axis,  and,  correspondingly,  the  conjugate  area 
of  the  diffraction  plate  is  a  small  spot  centered  on  the  optical  axis.  The 
hole  in  the  condenser  diaphragm  shall  be  made  so  small  that  one  is 
willing  to  accept  the  approximation 

From  Eqs.  10.1.3  and  10.1.4 

M'Foix,  y,  Po,  qo)  =  e(2xz7M)(pox+.o.)  ^  p  (^^^f^^i^i^xiMi)^     (10  15) 


Since  Pip,  g)  =  0  when  p^  -|-  g^  >  pr,^,  the  largest  value  of  v  for  which 
P  F^  0  is  given  by 

A^  N.A. 


2MI 


2\M\l 


^   Pm 


M\ 


(10.1.6) 


With  the  integer  N  determined  by  Eq.  10.1.6,  v  ranges  from  v  =   —N 
to  V  =  +A^inEq.  10.1.5. 

As  in  Eq.  7.6,  the  total  energy  density  G{x,  y)  over  the  image  plane 
in  the  case  of  narrow-coned  axial  illumination  obeys  the  law 


Gix,  y)  =  K\Fq{x,  y,  po,  go)|"  == 


K 


^2ML 


\f.e 


iTvivxIMl) 


^  G{x). 
(10.1.7) 


The  constant  K  is  proportional  to  the  intensity  of  the  source  and  to  the 
area  of  the  opening  in  the  condenser  diaphragm.     Whereas  the  amplitude 
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and  phase  distribution  over  the  image  plane  is  a  function  of  both  x  and 
y,  the  total  energy  density  is  a  function  of  x  alone. 
Let 

v=—N        ^  ' 

Then  Gix)  =  0  when  S{x)  =  0,  and  G(x)  is  maximum  when  S{x)  is 
maximum.     Hence  it  suffices  to  consider  the  simpler  function  S{x)  in 
determining  the  magnitudes  and  locations  of  the  maxima  and  minima 
in  the  total  energy  density  G{x). 
From  Eqs.  10.1.2  and  10.1.8 

1  .  .  2  •  .       X^   1  PIT  /      I'      \  J'TT-C 

S{x)  =  -  (1  +  e^^)P(O)  +  -  (1  -  6*^)  >     -  sin  -  P  (  TTT^  )  cos 

2  TT  '^— /   V  Z 


Mil/         Ml 

V  =1 


=  ?  (1  -  e^^)P(O) 

■K 


N     ^  P 


\2Ml) 


P(0)  F^  0.  (10.1.9) 


We  introduce  at  this  point  the  supposition  that  the  zero  order  shall 
be  altered  uniformly  with  respect  to  the  higher  spectral  orders;  i.e., 
only  the  zero  spectral  order  (j^  =  0)  passes  through  the  conjugate  area. 
This  supposition  implies  tacitly  that  the  objective  is  of  the  Airy-type 
so  that  P{p,  q)  =  c{p,  q)  and  that  the  conjugate  and  complementary 
areas  of  the  diffraction  plate  are  coated  uniformly  and  differently.  It 
follows  from  Section  4  that 

Piy/2Ml)  ^  c(v/2Ml)  ^  e^ 

P(0)  c(0)  h    '  ^     ■  ■     ) 

Let  Eq.  10.1.10  be  introduced  into  Eq.  10.1.9  together  with  the  trigono- 
metric identity 


1  +  e^^        .         A 

TT    =    I  cot  -    • 

1  -  e'^               2 

S(x) 

X 

-e^^)P{0)(i^cot^  +     ^ 

(10.1.11) 


p.' 


VTT  virX 

sm  --  cos 


2  Ml/ 

(10.1.12) 


A  is  the  optical  path  difference  between  the  elevations  and  the  troughs, 
as  in  Fig.  VII. 9,  with  A  considered  positive  when  the  greater  optical 
path  is  associated  with  the  elevations,     b  is  the  optical  path  difference 
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between  the  conjugate  and  complementary  areas  and  is  considered  posi- 
tive when  the  greater  optical  path  belongs  to  the  conjugate  area  of  the 
diffraction  plate,  h  is  the  ratio  of  the  amplitude  transmission  of  the 
conjugate  area  to  the  amplitude  transmission  of  the  complementary 
area. 

Let  us  derive  the  relation  which  must  exist  among  A,  8,  and  h  in 
order  that  S{x),  and  hence  G{x),  shall  be  zero  at  the  particular  points 
X  =  0,  ±n2AIl,  in  which  n  is  an  integer.  From  Eq.  10.1.12  this  relation 
is 

.  TT         A       e  '"  v^  I    .    VT 


■  =  1 


Accordingly, 


8  =  sgn    cot-    -  ;  (lO.l.U) 


h  =  -  tan  -    >     -  sin  —  (10.1.15) 


in  which  sgn(z)  =  z/\z\  =  ±1.  Other  solutions  of  5  exist,  but  these 
differ  from  the  values  of  Eq.  10. 1 .  14  by  iJL2ir,  where  n  is  an  integer.  These 
solutions  are  not  of  practical  interest  in  phase  microscopy.  The  center 
of  the  troughs  will  appear  darkest  provided  that  8  and  h  are  related  to 
A  and  the  optical  properties  of  the  objective  in  accordance  with  Eqs. 
10.1.14  and  10.1.15.  In  conclusion,  regions  of  greater  optical  path  will 
appear  dark  when  5  =  —  7r/2  whereas  regions  of  lesser  optical  path  will 
appear  dark  when  8  =  +7r/2.  It  is  important  to  observe  that,  when 
the  zero  spectral  order  is  altered  uniformly  with  respect  to  the  higher 
orders,  the  minimizing  8  values  are  8  —  ±7r/2.  Whereas  the  minimiz- 
ing 8  values  are  independent  of  the  numerical  value  of  A  (that  is,  |a|), 
the  minimizing  h  values  depend  on  the  numerical  values  of  A.  Physi- 
cally, therefore,  extreme  contrasts  in  the  image  of  pure  phase  gratings 
will  be  produced  by  the  choice  of  diffraction  plates  for  which  8  =  ±7r/2 
when  all  of  the  higher  spectral  orders  pass  through  the  complementary 
area.  Equation  (10.1.15)  shows  that  h  will  be  small  with  small  values 
of  A  but  can  become  very  large  as  A  approaches  180°.  The  elementary 
theory  indicated  that  h  values  greater  than  2  are  not  particularly  useful. 
This  is  not  in  accord  with  Eq.  10.1.15  as  A  approaches  180°.  The 
point  of  demarcation  between  A-  and  B-type  diffraction  plates  is 
given  by 

N 


/i  =   1   =  - 

TT 


A 

tan  — 
2 


Zl  VTT 

-sin-  (10.1.16) 

f  =1 
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for  equally  spaced,  pure  phase  gratings  illuminated  by  narrow  cones  of 
axial  illumination. 

10.2.   Absorption     gratings     viewed     under     narrow-coned     axial 
illumination 

The  main  thesis  of  this  subsection  is  to  demonstrate  theoretically  that 
phase  microscopy  is  useful  not  only  for  improving  contrast  in  the  image 
of  pure  phase  gratings  (object  specimens  whose  adjacent  portions  differ 
only  in  optical  path)  but  also  for  improving  contrast  in  the  image  of  pure 
absorption  gratings  (object  specimens  whose  adjacent  portions  differ 
only  in  amplitude  transmission).  This  theoretical  prediction  has  led 
to  the  use  of  the  phase  microscope  in  observing  weakly  stained  biological 
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Fig.  VII. 10.  Simply  periodic,  pure  absorption  gratings  as  object  specimen.  The 
grating  spacing  is  21  along  the  A'o  direction.     The  troughs  and  elevations  are  taken 

as  equal  in  width. 

specimens.  The  method  of  this  section  and  of  Section  10.1  can  be 
extended  to  show  also  that  the  phase  microscope  is  useful  for  improving 
contrast  in  the  image  of  object  specimens  ^^'hose  adjacent  portions 
exhibit  differences  in  both  optical  path  and  amplitude  transmission. 
The  utility  of  the  phase  microscope  in  observing  pure  phase  or  pure 
absorption  specimens  has  been  established  in  Chapter  II  on  the  ele- 
mentary theory  but  can,  of  course,  be  established  more  conclusively 
with  the  aid  of  the  more  general  theory. 

It  is  pointed  out  that  with  the  use  of  narrow-coned,  axial  illumination 
all  th-e  higher  spectral  orders  will  pass  through  the  complementary  area 
except  with  object  gratings  that  have  unusually  large  spacings  21.  For 
most  practical  purposes  the  zero  order  will  therefore  be  altered  imiformly 
with  respect  to  the  higher  orders  when  the  specimen  is  observed  under 
narrow-coned,  axial  illumination. 

In  the  simple,  equally  spaced  grating  of  Fig.  VII.  10  let  the  amplitude 
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transmission  of  the  troughs  be  taken  as  unity  and  let  the  amphtude 
transmission  of  the  elevations  be  taken  as  g.  Physically,  g  is  the  ratio 
of  the  amplitude  transmission  of  the  elevations  to  the  amplitude  trans- 
mission of  the  troughs.     Then 

CO 

IM  =   ^  f^-i^-oli).  (10.2.1) 

1/  =   ^  CO 

in  which 

(1  +  S')            .        .           (I  -  q)  sin  (pt/2) 
/o  =  ^-ir^  ;        /.  =  /-.  =  ^ —^  '      (10.2.2) 

^  PIT 

AsinEqs.  10.1.7  and  10.1.8, 

G(^)  =Jf4\Si^)\'-,  (10.2.3) 


Six)  ^  ^  P[^)f.e'''^'''"''\  (10.2.4; 


-.V 

From  Eqs.  10.2.2,  10.2.4,  and  10.1.10 


Si.)  =  -P(0)(1  -,)(-  ^  +  -^-.„„-co.-        (10.2.5) 


wherein  A^  is  given  by  Eq.  10.1.6. 

The  condition  under  which  the  total  energy  G(x)  shall  be  zero  at  the 
points  X  ^  0,  dtzn2Ml,  where  n  is  an  integer,  is  therefore 


TT  1  +  g       e       \-^  I        VT  ,  , 

0  =  - ^  +  T  Z^  -  "^^  ^  •  (lO-^-^) 

4  1   —  fl  h    ^—^  V  2 


Hence 
Consequently 


e-''  =  -sgni^  -  g) 


5  =  ±7r,       g  <l; 

5  =  0,  g>  I.  (10.2.7) 

4        1—0      \->    1        .  J'X  ,      ^    ^    ^^ 

/i=-^-— ^>     -sm-.  (10.2.8) 

TT    1  +g  frf  I'         2 

Equations  10.2.7  and  10.2.8  are  the  relations  which  must  hold  among 
h,  8,  g,  and  the  properties  of  the  objective  in  order  that  the  centers  of  the 
troughs  of  Fig.  VII.  10  shall  have  zero  energy  density.  These  conditions 
can  be  satisfied  by  the  proper  choice  of  diffraction  plate.  However,  h  be- 
comes very  small  as  the  amplitude  transmission  of  the  troughs  approaches 
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the  amplitude  transmission  of  the  elevations.  As  an  example,  suppose 
that  the  grating  spacing  is  chosen  relative  to  the  numerical  aperture  of 
the  objective  such  that  tlii'ee  of  the  higher  spectral  orders  are  trans- 
mitted. Suppose  that  the  energy  transmission  of  the  elevations 
(Fig.  VII.  10)  is  81%  of  the  energy  transmission  of  the  troughs.  Then 
A^"  =  3  and  g  =  (0.81)'  =  0.9.  Such  a  grating  will  be  seen  in  fair  to 
poor  contrast  in  the  ordinary  mici'oscope.  From  Eq.  10.2.7  6  =  t 
radians  or  0.5  wavelength.     From  Eq.  10.2.8 

3 

/i  =  -  —  y^  -  sin  —  =  0.05808;        h^  =  0.0034. 


j'  =  i 


Hence  an  0.0034Azb0.5X  diffraction  plate  will  cause  the  centers  of  the 
troughs  to  appear  black.  On  the  other  hand,  an  0.0034A±0.0X  diffrac- 
tion plate  will  cause  the  centers  of  the  elevations  to  appear  black. 

An  examination  of  Eq.  10.2.8  shows  that  the  choice  of  B-type  diffrac- 
tion plates  is  hardly  to  be  expected  with  gratings  of  the  present  section 
since  h  will  usually  be  less  than  unity.  However,  B-type  diffraction 
plates  are  required  theoretically  with  other  types  of  object  specimens. 
Equation  10.2.7  shows  that  the  optimum  8  value  of  a  diffraction  plate 
is  either  0  or  X/2  for  observing  equally  spaced,  purely  absorbing  struc- 
tures, all  of  whose  higher  spectral  orders  pass  through  the  complementary 
area. 

10.3.  Phase  gratings  whose  zero  order  is  altered  non-unifornily 
with  respect  to  the  higher  orders 

It  was  seen  in  Section  10.1  that  the  optimum  8  values  of  the  diffraction 
plate  are  ±7r/2  radians  when  all  the  higher  spectral  orders  pass  through 
the  complementary  area.  It  will  be  the  thesis  of  this  section  to  demon- 
strate that  the  optimum  8  values  are  not  necessarily  ±7r  '2  radians  with 
pure  phase  gratings  when  some  of  the  higher  spectral  orders  pass  through 
the  conjugate  area.  This  conclusion  is  of  sufficient  importance  to  phase 
microscopy  that  a  general  demonstration  of  its  truth  would  be  appropri- 
ate. Up  to  the  present  time  a  general  demonstration  does  not  appear 
to  have  been  published.  The  conclusion  has,  however,  been  demon- 
strated in  a  number  of  special  cases.  Let  us  consider  the  special  case 
in  which  the  pure  phase  grating  is  arranged  as  in  Fig.  VII. 9  and  in 
which  the  grating  spacing  21  has  been  chosen  so  that  the  complete  first 
order  passes  through  the  objective  and  so  that  only  one  branch  of  the 
third  spectral  order  passes  through  the  diffraction  plate.  We  suppose 
that  the  first  order  passes  through  the  complementary  area  but  that  the 
transmitted  branch  of  the  third  order  passes  through  the  conjugate  area. 
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The  even  orders  are  absent  with  equally  spaced  object  gratings.  We 
suppose  that  all  orders  higher  than  the  third  fail  to  reach  the  plane  of 
the  image. 

In  order  to  formulate  a  problem  which  can  be  solved  with  relative 
ease,  we  suppose  further  that  the  condenser  diaphragm  is  opaque  except 


Conjugate  area 


Edge  of  clear  aperture 

-3'  CD 
I 
I 

Fig.  VII.  11.     Arrangement  of  the  spectral  orders  at  the  plane  of  the  diffraction  plate. 

The  +3  and   —3'  branches  of  the  third  order  are  blocked.     The  first  orders  pass 

through  the  complementary  area.     The  zero  orders  0  and  0    and  the  branches  +3 

and  —3  of  the  third  spectral  orders  pass  through  the  conjugate  area. 

for  two  small  holes  whose  centers  are  arranged  on  a  line  perpendicular 
to  the  lines  of  the  grating.  The  grating  is  therefore  illuminated  by  two 
narrow  cones  of  oblique  illumination.  The  holes  in  the  condenser 
diaphragm  shall  be  chosen  so  small  that  one  is  willing  to  accept  the 
approximation 

pfVo^K\^h_o^\^  (10.3.1) 

\M       2MI   m)  \M       2Ml) 

The  optical  direction  cosine  po  is  of  opposite  sign  for  the  light  issuing 
from  the  two  holes.  If  one  looks  down  the  body  tube  of  the  microscope 
after  removing  the  eyepiece,  the  arrangement  of  the  spectral  orders 
will  have  the  appearance  of  Fig.  VII.  11.     The  actual  conjugate  area  of 
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the  diffraction  plate  consists  of  two  spots  which  coincide  with  the  in^ages 
produced  by  the  oppositely  inclined  zero  orders. 

The  object  function  is  described  by  Eqs.  10.1.1  and  10.1.2.  The 
amplitude  and  phase  distribution  over  the  plane  of  the  image  is  given 
by  Eq.  10.1.3  but  with  the  pupil  function  subject  to  Eq.  10.3.1.  Since 
two  narrow  cones  of  light  are  incident  upon  the  object  plane,  an  argument 
similar  to  that  which  leads  to  Eq.  10.1.7  shows  that 
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(10.3.2) 


(10.3.3) 


(10.3.4) 


I.  =  -3 


Let  P  =  Po  or  Pi,  according  as  the  point  p  =  {±po/M  +  v/2Ml)  falls 
in  the  conjugate  or  in  the  complementary  area.     Thus  P  —  Fq  when 


\M       2MlJ  \  M         2Mh 


=  Po; 


p^'^^±r]  =  p,^ 


/po 
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\M       2MI 


=  P 


M        2MI 
'  -Po 3_ 
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0. 


These  statements  follow  directly  from  the  arrangement  of  the  spectral 
orders  of  Fig.  VILll.     Since /^  =  /_^,  we  obtain 


TVX 


Si  {x)  =  /oFo  +  2Pifi  cos  —  +  Po/3,-'(3-/iv/» .        (10.3.5) 


WX 


SoAx)  =  /oPo  +  2Pi/i  cos  ^  +  Pofse'^'-'''^"''\ 


(10.3.6) 


At  the  points  x  =  0,  ±:n2Ml,  in  the  centers  of  the  troughs 

Si{±n2Mr)  =  S2{±7i2Ml)  =  /qPo  +  2P1/1  +  P0/3;     (10.3.7) 
n  =  0,  1,  2,  3,  etc. 
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Hence  G(x)  =  0  at  the  centers  of  the  troughs  (Fig.  VII.9),  provided  that 
0  =  Fo  (/o  +  2  ^  A  +  Uj  ■  Po^O.  (10.3.8) 

Introducing /o  and/^  from  Eq.  10.1.2  and  introducing 

Po;Pi  =  he'\  (10.3.9) 

we  obtain  the  zero  condition  in  the  form 


TT 


A  1  -  e"^  h  Cv 


Consequently  the  total  energy  density  is  zero  at  the  centers  of  the 
troughs  if 

TT         A       e-'^       1 

Equation  10.3.10  is  true  only  when  the  real  and  imaginary  parts  of  its 
right-hand  member  are  both  zero.     Accordingly 

h-rr  A  h  ,  ^ 

sm5  =  — cot-;         cos  5  =  -  •  (10.3.11) 

4  2'  6 

This  equation  is  easily  solved  for  6  and  h.  In  summary,  the  energy 
density  is  zero  at  the  centers  of  the  troughs  provided  that  h  and  5  have 
the  values 
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36/     ' 


^  =  U^^^^  2  +  3^1     '  ^''-'-''^ 


T         A  /tt"        ,  a 

sm  5  =  -  cot  —  I  —  cot"  — I 

4         2V16  2       36 


cos 


-V- 

J6/     ' 

5  =  -(  — cot^-H )    .  (10.3.13) 

6\16  2       36/  ^  ^ 


These  zero  conditions  differ  from  the  zero  conditions  of  Eqs.  10.1.14 
and  10.1.15  in  two  important  respects.  The  solution  for  5  depends  on 
the  optical  path  difference  A  between  the  elevations  and  the  troughs. 
The  5  values  will  depart  from  dnr/2.  In  the  present  specialized  case  the 
departure  of  5  from  ±7r/2  will  not  be  large.  This  is  due  to  the  fact  that 
only  one  branch  of  one  spectral  order  passes  through  the  conjugate  area. 
In  conclusion,  the  phase  difference  8  between  the  conjugate  and  comple- 
mentary areas  of  the  diffraction  plate  must  in  general  be  chosen  different 
from  ±X/4  in  order  to  obtain  optimum  contrast  in  the  image  of  a  pure 
phase  grating  when  some  of  the  higher  spectral  orders  pass  through  the 
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conjugate  area.  We  see  from  the  physical  argument  of  this  section  that 
the  required  departure  of  8  from  ±X/  4  depends  on  A,  on  the  grating 
spacing  21,  on  the  numerical  aperture  of  the  objective,  and  on  the  size 
and  shape  of  the  conjugate  area  of  the  diffraction  plate.  A  more  general 
argument  which  includes  spherical  aberration  of  the  objective  would 
show  that  5  depends  on  the  character  and  magnitude  of  the  spherical 
aberration. 

The  following  property  of  Eqs.  10.3.13  is  typical  not  only  of  the 
special  case  studied  in  this  section  but  also  of  most,  if  not  all,  of  the  cases 
in  which  some  of  the  higher  spectral  orders  from  a  pure  phase  grating 
pass  through  the  conjugate  area  of  the  diffraction  plate.  Suppose 
that  A  becomes  so  small  that 

sin  A  =  A;         cos  A  =  1.  (10.3.14) 

If  the  optical  path  differences  A  between  the  elevations  and  the  troughs 
are  small,  Eqs.  10.3.12  and  10.3.13  reduce  to  the  simpler  relations 

2|a| 

h  =  ^  ;  (10.3.15) 

T 

sin  5  =  sgn  f  cot  -  j  =  sgn  (A); 

cos  5  =  7-^-  (10.3.16) 

Sir 

Hence  5  will  fall  in  the  interval  —  tt  2  ^  5  ^  tt  2  and  very  near  the 
upper  and  lower  bounds  of  this  interval.  The  center  of  the  troughs  will 
appear  dark  when  the  optical  path  difference  8  of  the  diffraction  plate 
is  +X  4  or  — X/4  according  as  A  >  0  or  A  <  0.  By  definition,  8  >  0 
when  the  optical  path  of  the  conjugate  area  exceeds  that  of  the  comple- 
mentary area,  and  A  >  0  when  the  optical  path  of  the  elevations 
(Fig.  Vn.9)  exceeds  that  of  the  troughs.  Since  h  <  I  in  Eq.  10.3.15, 
we  reach  again  the  familiar  result  that  regions  of  lesser  optical  path 
appear  in  optimum  dark  contrast  with  A+X  4  diffraction  plates  and  that 
regions  of  greater  optical  path  appear  in  optimum  dark  contrast  with 
A  — X  4  diffraction  plates.  The  most  interesting  conclusion  to  be 
drawn  from  this  paragraph  is  that  the  8  values  for  optimum  contrast 
are  again  zbX/4,  even  when  some  of  the  higher  spectral  orders  pass 
through  the  conjugate  area,  provided  that  A  is  so  small  that  sin  A  =  A. 

Sections  10.1  and  10.3  demonstrate  that  the  phenomena  of  phase 
microscopy  become  more  complicated  when  some  of  the  light  which  is 
deviated  by  diffraction  at  the  object  passes  through  the  conjugate  area. 
In  fact  unpublished  studies  of  special  cases  have  shown  that  unusual 
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phenomena  can  take  place  when  both  branches  of  the  first  spectral  order 
pass  through  the  conjugate  area.  In  general,  the  passage  of  the  com- 
plete first  order  through  the  conjugate  area  is  to  be  avoided. 

A  comparison  of  Sections  10.1  and  10.3  with  Section  10.2  shows  that 
5  values  near  ±X/4  are  useful  for  enhancing  contrast  in  the  image  of 
pure  phase  gratings,  but  that  8  values  near  0  or  X/  2  are  useful  for  enhanc- 
ing contrast  in  the  image  of  pure  absorption  gratings.  An  actual 
grating  may  present  dift'erences  both  in  absorption  and  in  phase  trans- 
mission. Hence  several  diffraction  plates  having  different  h  and  8  values 
are  required  for  obtaining  optimum  contrast  in  the  image  of  different 
periodic  structures.  The  same  conclusion  applies  to  non-periodic 
object  structures  but  is  more  difficult  to  demonstrate  theoretically. 

11.  THE  IMAGE  FUNCTION  F,(x,  y,  po,  go)    FOR  A   UNIFORM  OBJECT 
PARTICLE  IN  A  LARGE  FIELD  OF  VIEW 

The  field  of  view  of  a  microscope  often  extends  over  a  very  large  field  of 
view  as  measured  in  wavelengths  and  often  contains  an  assembly  of 
particles  each  of  which  may  be  regarded  as  substantially  uniform  in 
amplitude  and  phase  transmission.  The  amplitude  and  phase  trans- 
mission of  the  surround  will  be  assumed  to  be  substantially  uniform. 
In  considering  the  assembly  of  particles,  it  is  sufficient  to  construct  a 
theorem  which  applies  to  a  single  particle.  This  theorem  is  easily 
generalized  to  more  than  one  particle. 

Let  the  object  function  /(xq,  yo,  po,  go)  =  .fi  =  1  for  points  .ro,  yo  of 
the  surround  and  let  f{xo,  yo,  Po,  Qo)  =  /o  for  points  .ro,  ^o  which  fall 
within  the  particle.  We  suppose  that  the  surround  extends  over  a 
practically  infinite  number  of  wavelengths.'  The  location,  size,  and 
shape  of  the  particle  are  not  restricted.  However,  the  particle  should  be 
located  near  the  optical  axis  and  shall  be  thin.  Equation  8.10  now 
assumes  the  form 

Fo{.i-,  y,  Po,  Qo)  =  Fu(x,  y,  Po,  qo)  +  Fa(x,  y,  po,  Qo)         01.1) 
in  which  Fu  and  Fd  are  defined  as 

Fu{x,y,po,qo)^  f      f     .^-■'^'-«+''«^«> 

X  U{x  -  Mxo,  y  -  Myo)  dxo  dyo]      (11.2) 


^2wKpox{i+qoyo) 


Fd{x,y,Po,qo)^f\\ 

*' *^area  of  the  particle 

X  U{x  -  Mxo,  y  -  Myo)  dxo  dyo]      (1 1 .3) 

/-/o-/i=/o-l=r'^-l.  (11.4) 

Fq{x,  y,  po,  qo)  describes  the  amplitude  and  phase  distribution  produced 
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over  the  plane  of  the  image  by  the  incidence  upon  the  object  plane  of  a 
wave  front  whose  normals  have  the  optical  direction  cosines  po,  qq.  For 
the  present  F„  and  Fd  are  merely  definitions,  but  we  shall  see  later  that 
they  correspond,  respectively,  to  the  undeviated  and  deviated  waves 
which  reach  the  plane  of  the  image. 

Let  U  from  Ec].  2.19  be  introduced  into  Eq.  11.2.     Then 

^"  "//X  X  X  =0^^^'  g)e2-i(P-+</2/)g2.i[-o(PO-Mp)-f2,o(90-M,)l  ^^.^  ^y^  ^^  ^^. 
=   lim     ffp{p,q)e^'''^P='+iy^ 


X0  = 


sin  [2TrXo(po-Mp)]  s\n[2Tryo(qo-Mq)] 

T{po-Mp)  Tr(qo-Mq)  ^    ^' 

Successive  integration  with  respect  to  d{Mp)  d{Mq)  gives,  in  view  of 
Eq.  10.11,  the  result 

Fu{x,  y,  Po,  go)  =  ^  e^^-/^^n^o-+^o-)p  {fl'^)'  ^11-^) 

Discontinuities  in  the  pupil  function  are  ignored  because  they  appear  at 
isolated  loci  which  do  not  usually  exceed  three  in  number.  We  recall 
that  the  points  {p  =  po/M,  q  =  qo/M)  belong  to  the  conjugate  area  of 
the  diffraction  plate.  The  amplitude  and  phase  of  F^  is  therefore 
modulated  by  the  coating  function  at  the  conjugate  area.  Hence 
Fu  must  represent  the  wave  which  has  passed  through  the  conjugate 
area  and  must  in  fact  be  the  unde\'iated  wave.  This  conclusion  is 
furthermore  consistent  with  the  fact  that  the  phase  multiplier  of  the 
infinite  integrals  of  Eq.  11.2  is  the  phase  and  amplitude  transmission 
factor  /i  =  1  of  the  surround.  It  is  interesting  to  note  that  the  un- 
deviated wave  of  the  more  general  theory  is  substantially  the  same  as 
the  undeviated  wave  as  given  by  Eq.  7.3  in  Chapter  II  of  the  elementary 
theory.  However,  Eq.  7.4  of  Chapter  II  is  far  too  simple  to  describe 
aderiuately  the  deviated  wave  Fd. 

Introduce  into  Eq.  11.3  the  change  of  variable 

r  =  a;  -  Mxo;         v  =  y  -  My^.  (11.6) 


Then 


Fd{x,  y,  Po,  qo)  =  ^e(2-/^)(^«^+''"^'^)^e-(^^^'/^^^)(^»f+''o''^[y^(f,,7)dfrfr, 

(11.7) 
in  which  the  integration  with  respect  to  f/f  dri  extends  over  the  area  of 
the  geometrical  image  of  the  particle. 
From  Eqs.  11.1,  11.4,  11.5,  and  11.7 
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{2TilM){pox+qoy) 


M' 


X 


p  /Z^  ,12^  (ge^^  _  1)  /T,-(2W/M)(por+.o.)^r(^^  ^)  j^  j^  (11.8) 


The  double  integral  extends  over  the  area  of  the  geometrical  image  of  the 
particle.  It  is  important  to  bear  in  mind  that,  since  f ,  -q  are  defined  by 
Eq.  11.6,  the  origin  for  the  coordinates  f,  17  is  located  at  the  point  .r,  y  of 
the  image  plane.  The  point  x,  y  may  fall  within  or  outside  of  the 
geometrical  image  of  the  particle.  The  doul^le  integral  is  consequently 
a  function  of  x  and  y.  Fo(x,  y,  po,  Qq)  is  the  amplitude  and  phase 
distribution  produced  over  the  image  plane  by  the  incidence  upon  the 
object  plane  of  a  wave  front  whose  normals  have  the  optical  direction 
cosines  po,  qo-  g  i«  the  ratio  of  the  amplitude  transmission  of  the 
particle  to  the  amplitude  transmission  of  the  surround.  A  is  the  optical 
path  difference  in  radians  between  the  particle  and  its  surround.  A  is 
considered  positive  w^hen  the  particle  has  the  greater  optical  path.  U  is 
the  primary  diffraction  integral  associated  with  the  objective.  It  is 
given  by  the  equation 


,  77)  =  ffPip,  g)e2-i(pf+'?'))  dp  dq  (11.9) 


c/(r 


where  p^  +  q^  ^  n^Pm^  =  Pm^  when  n  =  1  in  the  image  space.  The 
first  term  within  the  square  brackets  is  the  contribution  of  the  un- 
deviated  wave.  The  second  term  involving  the  double  integral  is  the 
contribution  of  the  deviated  wave. 

It  will  be  noted  that  the  phase  factor  e(2^'-/M)(pox+902/)  jg  common  to 
both  the  undeviated  and  the  deviated  waves.  This  factor  represents 
the  phase  variation  introduced  by  the  inclination  of  the  incident  wave 
front.  We  may  say  that  this  phase  variation  is  transported  to  the 
image  plane  in  accordance  with  Lummer's  theorem.  Since  this  phase 
factor  does  not  alter  the  partial  or  the  total  energy  densities,  it  is  of  no 
practical  importance  to  microscopy. 

From  Eqs.  8.16  and  11.8  the  total  energy  density  G{x,  y)  in  the  plane 
of  the  image  obeys  the  law 

M'G{x,y)=JjHpo,q.)\p{j^^Y^ 

+  {ge'^  -  1)  /Te-^'"/^^^^^°^+''°''^0^(f,rj)  d^dv 


2 


dpodqo.     (11.10) 
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no"  -  po    -  go 

and  may  be  set  equal  to  unity  with  Lambertian  sources  of  light.  Since 
f  and  7]  are  measured  from  the  point  (x,  y),  G  is  in  fact  an  implicit  func- 
tion of  .r,  y.  The  integration  with  respect  to  dpo  dqo  extends  over  the 
range  of  optical  direction  cosines  of  the  rays  incident  upon  the  object 
plane.  Equations  11.8  and  1 1 .10  are  of  great  importance  to  the  theory 
of  phase  microscopy  with  non-periodic  objects.  These  equations  may  be 
used  with  considerable  confidence  when  the  field  of  view  in  the  object 
space  extends  over  50  or  more  wavelengths  and  when  the  particle  is 
located  well  within  the  field  of  view.  When  smaller  fields  are  en- 
countered, the  validity  of  the  approximation  afforded  by  Eqs.  11.8  and 
11.10  should  be  investigated  or  one  should  return  to  the  more  general 
equations  from  which  Eq.  11.8  has  been  specialized.  Smaller  fields  of 
view  are  permissible  with  objectives  having  the  higher  numerical 
aperture. 

12.  CRITERION  FOR  ISOLATED  PARTICLES 

Upon  looking  into  a  phase  microscope,  one  is  impressed  by  the  rapid- 
ity with  which  the  energy  density  in  the  surround  approaches  a  sub- 
stantially constant  value  as  the  point  of  observation  recedes  from  the 
edge  of  a  particle.  One  is  impressed  also  by  the  slight  effect  which  one 
particle  exerts  upon  the  image  of  another  unless  the  particles  are  tightly 
packed.  The  cause  of  these  phenomena  will  now  be  treated  in  a  semi- 
rigorous  manner. 

With  reference  to  Eq.  11.8,  it  has  already  been  stated  that  the  phase 
factor  g(27ri/M)(P0J:+OT2/)  ]g  ^f  j^q  practical  interest  to  microscopy.  We  shall 
therefore  omit  it  and  write 

M'Fo{x,y,po,qo)  =  p(^^^'^) 

+   (^giA   _    1)    /Tg-(2.i/M)(P0r+5O>,)f/(^^  ^)  rff  ci^_       (12.1) 

The  meaning  of  the  double  integral  is  clarified  by  Fig.  VII.  12.  As  the 
point  X,  y  recedes  from  the  edge  of  the  geometrical  image  of  the  particle, 
the  double  integral  decreases  for  two  reasons.  First,  the  exponential 
in  the  integrand  oscillates  more  rapidly  as  (f^  +  17^)^  =  D  increases. 
The  rapidity  of  these  oscillations  increases  with  the  inclination  po,  qo 
of  the  incident  wave  front.  Hence  the  double  integral  of  Eq.  12.1  de- 
creases more  rapidly  as  the  point  x,  y  recedes  from  the  edge  of  the 
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geometrical   image  of  the  particle  when  the  annular  opening  in  the 
condenser  diaphragm  is  increased  in  numerical  aperture.     Second,  the 


Optical  axis 
Geometrical  image  of  particle 

Fig.  VII.  12.     Relation  of  the  coordinates  f,  v  to  a  point  x,  y  which  is  exterior  to  the 

geometrical  image  of  the  particle. 

primary  diffraction  integral  U(i,  t?)  decreases  rapidly  with  D  and  is  an 
oscillatory  function  of  D.     Approximately, 


TTf>-      \  ^     Jii2Trp,„D) 


2wPmD 


TrPr 


J  lima) 


(12.2) 


wherein  /3  =  3.8317  and 


D„ 


D 


0.G098       0.G098  Tlf 


N.A. 


wavelengths.     (12.3) 


N.A.  is  the  numerical  aperture  of  the  objective.  To  fix  the  order  of 
magnitudes,  we  note  that  2Ji{^Da)/l3Da  =  1  when  Da  =  0  and  that 
2 1  Ji(/^Z)„)  I /|8 A.  <  0.02  when  D„  >  5  Airy  units  r„.  Fiu-thermore, 
Pm  <  0.04  so  that  p,n^<  10  X  10"'*.  Since  the  integrand  of  the  double 
integral  oscillates  with  Da  =  (f^  +  r?" )'/''«,  we  must  expect  that  the 
second  right-hand  member  of  Eq.  12.1  will  be  negligible  as  compared 
with  P{po/M,  qo/M),  whose  absolute  value  is  usually  greater  than  0.3, 
when  the  point  x,  y  is  located  5  or  more  Airy  units  away  from  the  edge 
of  the  geometrical  image  of  the  particle.  Observations  in  the  micro- 
scope show  that  this  statement  is  conservative. 

For  points  x,  y  that  fall  in  the  distant  portions  of  the  surroimd  one 
can  show  rigorously  that 


whence 
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M^Foix,  y,  po,  qo)  =  ^(f^'f^)  =  ^e'';  (12.5) 

M'^Gix,  y)  =  constant  =  h^  II  l(po,  qo)  dpo  dqo.    (12.6) 


Thus 


h^ 
M^ 


1 1  ^ ipo,  qo)  dpo  (iqo  U2.7) 


is  physically  the  energy  density  in  the  image  of  the  siirroimd  at  points 
well  removed  from  the  nearest  geometrical  image  of  a  particle.  For 
brevity  we  shall  call  Gg  the  energy  density  of  the  surround.  Gg  is 
proportional  to  the  energy  transmission  }r  of  the  conjugate  area  and 
vanishes,  as  in  the  Schlieren  method,  when  the  conjugate  area  is  opaque. 
In  conclusion,  the  energy  density  at  any  point  x,  y  in  the  image  of  the 
surround  approaches  Gg  when  the  nearest  geometrical  image  of  any  one 
of  the  particles  is  located  5  or  more  Airy  units  r^  from  the  point  x,  y. 
As  a  corollary,  one  particle  will  not  disturb  appreciably  the  image  of 
another  provided  that  the  edges  of  their  geometrical  images  are  sepa- 
rated by  5  or  more  Airy  units.  Accordingly,  particles  whose  geometrical 
images  are  separated  by  at  least  5  Airy  units  are  said  to  be  isolated. 
It  follows  from  Eq.  12.3  that  particles  are  more  likely  to  be  isolated  with 
objectives  having  the  higher  numerical  aperture. 

13.  THE  ENERGY  DENSITY  IN  THE  FAR  INTERIOR  OF  A  LARGE  PAR- 
TICLE 

Suppose  first  that  the  particle  is  very  large  and  is  located  in  a  much 
larger  field  of  view.  For  points  x,  y  located  well  in  the  interior  of  the 
geometrical  image  of  the  particle  the  argument  leading  to  Eq.  11.5  may 
be  repeated  with  Fa  of  Eq.  11.3  to  show  that 

FAX,  y,  po,  qo)  =  -^  e^-2.iiMHpo.+,,y)p  (^^ /^^  (13.1) 

Then  from  Eqs.  11.1,  11.4,  11.5,  and  13.1  we  obtain  almost  directly  the 
result 

(2TrilM)ipnx+Qoy)  /  \ 

Foix,  y,  Po,  qo)  =  j^, ge'^'P  ( ^  '  ^)  '  (13.2) 
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The  total  energy  density  G{x,  y)  at  points  x,  y  which  are  located  in  the 
far  interior  of  a  large  particle  obeys  therefore  the  law 


G{x,  y)  =  constant  =  Gp 


=  Mf'^'"" «»' 


dpo  dqo.         (13.3) 


If  the  objective  is  of  the  Airy  type  and  if  the  conjugate  and  comple- 
mentary areas  of  the  diffraction  plate  are  coated  uniformly  and  dif- 
ferently, Pipo/M,  qo/M)  =  he^^.  For  this  specialization  to  a  Zernike 
system  of  phase  microscopy 


2  7,2 


G„  =  "hrrr  j  j  Kpo,  Qo)  dpo  dqo  =  g^Gs  (13.4) 


where  Gg  is  the  total  energy  density  of  the  surround  as  in  Eq.  12.7.  If 
the  amplitude  transmission  of  the  particle  is  equal  to  that  of  the  sur- 
round, gf  =  1  and  Gp  =  Gs,  irrespective  of  the  optical  path  difference 
A  between  the  particle  and  the  surround.  This  means  physically  that 
with  such  particles  the  brightness  of  a  far  interior  point  in  the  image  of 
the  particle  will  be  the  same  as  the  brightness  of  the  surround.  This 
phenomenon  is  familiar  to  users  of  the  phase  microscope. 

If  the  particle  is  not  large  or  if  the  point  x,  y  approaches  the  edge  of 
the  geometrical  image  of  a  large  particle,  the  evaluation  of  Eq.  11.7 
becomes  difficult.  No  relatively  simple  generalizations  can  be  made  at 
the  present  time  beyond  the  observation  that  the  solution  can  become 
quite  different  from  that  of  Eq.  13.1.  Some  interesting  conclusions  can 
be  drawn,  however,  in  the  specialized  case  in  which  the  object  is  illumi- 
nated by  narrow-coned  axial  illumination.  These  conclusions  will  form 
the  subject  matter  of  Sections  14  and  15. 

Experiment  reveals  a  halo  near  the  edge  of  the  geometrical  image 
formed  of  a  particle  by  a  phase  microscope.  Explanation  of  this  halo 
for  thin  plate-like  particles  involves  the  formidable  task  of  evaluating 
Eq.  11.7  at  points  .r,  y  near  the  edge  of  the  geometrical  image. 

14.  CONDITIONS  FOR  REDUCTION  TO  THE  ELEMENTARY  THEORY 

The  predictions  of  the  elementary  theory  of  phase  microscopy  of 
Chapter  II  are  characterized  by  the  fact  that  the  variation  in  the  energy 
density  between  particle  and  surround  is  a  step  function.  The  level 
of  illumination  is  sensibly  uniform  over  the  entire  image  of  the  particle 
and  changes  abruptly  at  the  edge  of  the  geometrical  image  of  the  particle 
to  another  uniform  level  over  the  image  of  the  surround.  The  laws 
that  govern  the  difference  between  these  two  levels  of  illumination  are 
derived  in  Chapter  II.     An  abrupt  change  in  the  level  of  illumination  is 
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not  possible  from  the  general  theory,  but  we  shall  see  that  under  severe 
restrictions  as  to  the  size  of  the  conjugate  area  it  is  possible  for  the 
levels  of  illumination  to  approach  the  properties  of  a  step  function. 
From  Eq.  11.8 

M^Foix,  y,  po,  go) 


^  ,(2.i/M)(pox+.o.)    P  (^  .  ^)  +  {ge'^  -  l)H,{x,  y,  p„,  q,) 


MA) 


in  which 


'vix,  y,  Po,  go)  =^,-(2.i/M)(pomo.)^r(f,  ^)  d^  dr,  (14.2) 

f/(r,  -n)  -  ff^"(P>  q)e-^'''"+''^  dp  dq;  (14.3) 

p2  +  g2  ^  pj_  (14  4) 

The  double  integral  for  Hp  extends  over  the  area  of  the  geometrical 
image  of  the  particle.  The  coordinates  f,  r]  are  to  be  measured  from  a 
point  X,  y  within  the  geometrical  image.  The  suffix  p  is  attached  to 
H  to  indicate  that  H  depends  on  the  size  and  shape  of  the  particle. 

If  the  objective  is  of  the  Airy  type  and  if  the  conjugate  and  comple- 
mentary areas  are  coated  uniformly  and  differently, 


/Po^9o\ 


=  he'\  (14.5) 


Let  us  assume  that  it  is  possible  to  select  a  pupil  function  P{p,  q)  and  a 
set  of  optical  direction  cosines  po,  go  such  that 

Hp{x,  y,  Po,  go)  =  1  (14.6) 

for  points  .r,  y  which  occupy  an  extended  region  within  the  geometrical 
image  of  the  particle.  Denote  this  region  by  A.  We  show  that  the 
relative  energy  densities  of  this  area  A  of  the  geometrical  image  of  the 
particle  and  of  the  surround  obey  the  laws  of  the  elementary  theory  of 
phase  microscopy. 

From  Eqs.  14.1,  14.5,  and  14.6 

M^Foix,  y,  Po,  go)  =  e(2.^7M)(pox+go2/)(/^gi5  ^  g^iA  _  1)       (14  7) 

for  points  x,  y  which  belong  to  the  region  A.  Correspondingly  the  total 
energy  density  G{x,  y)  in  the  plane  of  the  image  obeys  the  law 

G{x,  y)  =  constant  =  Ga  =  Ki\he'^  +  ge'^  -  l|^  (14.8) 

^'i  -J^Jj  ^^Vo,  %)  dpo  dqo.  (14.9) 
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Comparison  of  Eq.  14.8  above  with  Eq.  8.4  of  Chapter  II  shows  that  the 
total  energy  density  over  the  region  A  of  the  geometrical  image  of  the 
particle  obeys  the  law  derived  from  the  elementary  theory.  The 
consequences  of  this  law  have  been  discussed  in  detail  in  Chapter  II. 

The  necessary  conditions  for  the  derivation  of  Eq.  14.8  are  given  by 
Eqs.  14.5  and  14.6.  In  addition,  Eq.  14.1  involves  the  supposition  that 
the  field  of  view  extends  over  a  great  number  of  wavelengths. 

15.  CONDITIONS  UNDER  WHICH  Hp  =  I  OVER  AN  EXTENDED  AREA 

It  has  been  shown  in  Section  14  that,  if  there  exists  within  the  geo- 
metrical image  of  the  particle  an  area  A  for  which  Hp(x,  y,  po,  go)  =  1, 
the  contrast  relations  between  this  area  and  the  image  of  the  surround 
obey  the  simple  laws  of  the  elementary  theory.  The  problem  of  this 
section  is  to  determine  under  which  physical  conditions  the  area  A 
can  be  made  to  extend  over  a  substantial  portion  of  the  geometrical 
image  of  the  particle  in  a  Zernike  system  of  phase  microscopy. 

It  is  known  that 

lim    f  e''J{x)  dx  =  0  (15.1) 

for  "civilized"  functions  fix).  Hence  it  is  to  be  suspected  that  the 
oscillations  of  the  exponential  phase  factor  in  the  integrand  of  Eq.  14.2 
may  lead  to  difficulties  in  finding  an  extended  region  .4  for  which  Hp  =  1. 
For  this  reason  we  shall  require  that  po  and  qo  are  restricted  to  values  so 
small  that  e-(2Ti/A/)(Por+go'))  ^g  substantially  unity  when 

(f^  +  v')'  S  R  (15.2) 

where  R  is  the  radius  of  the  largest  circle  which  can  be  inscribed  in  the 
geometrical  image  of  the  particle  about  the  point  x,  y  as  center  (see 
Fig.  VII. 13).  The  optical  direction  cosines  po,  go  can  be  restricted  in 
this  manner  with  the  use  of  a  very  narrow  cone  of  axial  illumination. 
We  suppose  for  definiteness  that  the  hole  in  the  condenser  diaphragm 
is  small,  circular,  and  centered  upon  the  optical  axis.  The  conjugate 
area  is  a  corresponding  small,  circular  spot  centered  on  the  optical  axis. 
Let  the  numerical  aperture  of  the  conjugate  area  and  of  the  objective 
be  pi  and  p„,,  respectively,  with  respect  to  the  image  space  of  the  ob- 
jective.    Introducing  into  Eq.  14.3  the  changes  of  variable 

p  =  —p  cos  0 ;         f  =  r  cos  6 ; 
q  =  — psin<^;         rj  =  rsin^;  (15.3) 

together  with  the  facts  that  P{p,  g)  =  1  in  the  complementary  area  and 
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Boundary  of  geometrical  image  of  particle 


Fig.  VII. 13.  The  area  S  and  the  inscribed  circle  of  greatest  radius  R  which  can  be 
drawn  about  a  point  x,  y  in  the  interior  of  the  geometrical  image  of  the  particle. 

that  P(p,  q)  =  he^^  in  the  conjugate  area,  one  finds  that  in  a  straight- 
forward manner 

Jnpm     n2Tt 
0       Jo 

i/O      Jo 

=  2;rp„r  ^r V  2Trpi~{he'''  -  1)  -— (15.4) 

^T^rpni  zivrpi 

From  Eq.  14.2 

Hp{x,  y,  0,  0)  ^  //p(.r,  ?/)  =  ffli^,  v)  d^  dv  (15.5) 

in  which  the  integral  extends  over  the  area  of  the  geometrical  image  of 
the  particle  with  f,  rj  measured  from  the  point  x,  y  as  in  Fig.  ^^II.13. 
Consequently, 

Hp{x,  y)  =  Hr{x,  y)  +  Hs{x,  y)  (15.6) 

where 

Hr^x,  y)  ^Jf  r  (r,  7?)  rfr  drj  =  2ir£    U{r)r  dr;  (15.7) 

Hsix,  y)  ^J£    U{^,  rj)  d^  drj  =f£  U{r)r  dd  dr.       (15.8) 
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S  denotes  the  portion  of  the  area  of  the  geometrical  image  which  is 
unoccupied  by  the  inscribed  circle  of  radius  R.     All  dimensions  are 
to  be  measured  as  numbers  of  wavelengths. 
From  Eqs.  15.7  and  15.4 

Hr{x,  y)  =  I  -  Joi^irpmR)  +  {he'^  -  1)[1  -  Joi^irp^R)]        (15.9) 

because 

/     ^^^  rdr=  --  dWoiz)]  =  -  [1  -  JoiaR)]. 

Jo        ar  a"  Jo  a" 

With  a  large  particle  it  will  be  possible  to  find  an  extended  region  of 
points  X,  y  for  which  R  is  so  large  that 

Jo(27rp„,R)-^0.  (15.10) 

Moreover,  as  the  numerical  aperture  of  the  objective  is  increased,  this 
region  of  points  creeps  toward  the  edge  of  the  geometrical  image  of  the 
particle.  With  R  so  determined,  it  will  also  l)e  possible  to  choose  a 
conjugate  area  (and  hence  pi)  so  small  that 

1  -  ./o(27rpi/?)->0.  (15.11) 

Hence  with  a  suitably  chosen  small  conjugate  area  there  will  exist  an 
extended  region  A  of  points  x,  y  for  which 

HjiXx,  y)  =  constant  -^  1.  (15.12) 

This  region  of  points  x,  y  is  an  increasing  function  of  the  numerical 
aperture  of  the  objective  and  is  a  decreasing  function  of  the  numerical 
aperture  |^/|pi  of  the  conjugate  area. 
From  Eqs.  15.8  and  15.4 

H^{x,y)  =  27rpJX 


'^  ^^-'"^)  .  de  dr+  K  (he- -  l)f£  ^4^-^  r  dO  dr 


\_J  Js      27rp,„r  '  Pm^  '  JJs      2Tvpir 

in  which 


(15.13) 


r  =  if  +  v^y  >  R-  (15.14) 

The  first  double  integral  in  the  right-hand  member  will  be  negligible 
when  R  satisfies  Eq.  15.10.     Except  for  a  negligible  term 

Hs{x,y)  =  ihe'^  -  \)piffji(2Trpir)dddr.  (15.15) 


whence 


\Hs{x,y)\<27rpi\he'^  -  l|    f  Ji{2Tpir) 


dr 


(15.16) 
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Let  Rm  be  the  greatest  distance  from  the  point  .r,  y  to  any  point  on  the 
geometrical  boundary  as  in  Fig.  VII.  13.  With  few  exceptions,  in  phase 
microscopy  \he^^  —  l|  <  1.  Furthermore,  lJi(27rpir)|  <  0.52.  There- 
fore 

\Hs{x,  y)\  <  2TrpiiRm  -  R)0.52.  (15.17) 

The  condition  which  pi  must  satisfy  in  order  that  Hs(x,y)  shall  be 
negligibly  small  as  compared  with  Hr  {x,  y)  of  Eq.  15.12  is 

7rpi(/?,„  -  R)^l.  (15.18) 

Larger  values  of  pi  are  of  course  tolerable,  but  the  largest  tolerable 
values  are  difficult  to  estimate. 

In  conclusion,  a  point  x,  y  belongs  to  the  region  A  provided  that  it  is 
possible  to  draw  about  the  point  .r,  y  (Fig.  VH.IS)  an  inscribed  circle 
whose  radius  R  is  so  large  that 

Jo(27rp,„/?)-^0, 

provided  also  that  the  conjugate  area  is  chosen  so  small  that 

Jo(27rpi/?)^l, 

and  provided  that  pi  is  so  small  that 

TTPxiRrn    -    R)   <^   I 

where  R^  is  the  greatest  distance  in  wavelengths  from  the  point  .r,  y  to 
any  point  on  the  boundary  of  the  geometrical  image  of  the  particle. 

|ilf  |p^  is  the  usual  N.A.  of  the  objective.  As  the  numerical  aperture 
of  the  objective  is  increased,  the  region  A  creeps  toward  the  edge  of  the 
geometrical  image  of  the  particle.  |M|pi  is  the  numerical  aperture  of 
the  conjugate  area  with  respect  to  the  object  space  of  the  objective. 
As  pi  is  decreased,  the  region  A  spreads  throughout  the  interior  of  the 
geometrical  image  of  increasingly  larger  particles.  For  points  x,  y  of 
the  region  A  the  function  Hp{x,  y)  of  Eq.  15.6  is  practically  unity  and 
the  total  energy  density  Ga  is  given  by  Eq.  14.8  of  the  elementary 
theory  of  phase  microscopy. 

When  the  required  hole  in  the  condenser  diaphragm  assumes  pinhole 
dimensions,  it  is  preferable  to  discard  the  lamp  and  substage  condensers 
and  to  illuminate  the  object  directlj^  by  means  of  a  distant  zirconium 
arc,  etc.  The  question  as  to  the  self-luminous  character  of  a  \'irtvial 
image  is  thus  avoided. 

Osterberg  and  Pride  have  performed  experiments  with  polanret 
systems  involving  narrow-coned  axial  illumination  and  ha\'e  found  that 
the  above  predicted  A  region  exists.     In  one  of  the  polanret  systems 
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pi  =  0.0033,  pm  =  0.033,  and  \M\p„,  =  N.A.  =  0.14.  Despite  the  fact 
that  the  value  pi  =  0.0033  was  much  larger  than  the  conservative 
theoretical  values  re([uired  by  Eqs.  15.11  and  15.18,  the  observed 
A  region  extended  throughout  large  portions  of  relatively  large  particles. 
Moreover  for  the  A  region,  the  h  and  8  values  producing  extreme 
contrast  between  the  A  region  and  the  surround  were  in  substantial 
accord  with  the  elementary  theory. 

When  the  method  of  this  section  is  applied  to  diffraction  plates  having 
annular  conjugate  areas,  as  in  the  usual  practice  of  phase  microscopy, 
an  A  region  is  found  to  exist.  This  region  is  increased  b}^  increasing  the 
numerical  aperture  of  the  objective  and  by  decreasing  the  width  of  the 
conjugate  area.  It  is,  however,  difficult  to  form  an  estimate  of  the 
size  of  the  A  region.  Whereas  the  function  Hr{x,  y)  is  of  character 
permitting  an  extended  A  region,  the  function  Hs{x,  y)  is  not  readily 
amenable  to  the  purpose  of  relating  the  size  of  the  A  region  to  the 
properties  of  the  particle  and  of  the  optical  system.  Experiments 
performed  by  Dr.  H.  Jupnik  and  described  briefly  by  her  in  Section  5 
of  Chapter  III  are  at  least  consistent  with  the  conclusion  that  the 
A  region  increases  with  decreasing  width  of  the  annular  conjugate  area. 

In  summary,  the  geometrical  image  of  the  particle  can  exhibit  three 
distinctly  different  regions  of  contrast.  In  the  .4  region  the  contrast 
with  respect  to  the  image  of  the  surround  obeys  the  laws  of  the  elemen- 
tary theory  of  phase  microscopy.  The  .4  region  is  usually  surrounded 
by  the  B  region  which  may  extend  5  or  more  Airy  units  beyond  the 
boundary  of  the  geometrical  image  of  the  particle.  The  energy  density 
may  change  rapidly  in  the  B  region.  The  halo  near  the  edge  of  the 
geometrical  image  belongs,  for  example,  to  the  B  region.  The  C  region 
occurs  only  in  the  far  interior  of  relatively  large  particles.  The  energy 
density  of  the  C  region  is  equal  to  that  of  the  surround  when  the  ampli- 
tude transmission  of  the  particle  is  equal  to  that  of  the  surround.  The 
C  region  is  brighter  or  darker  than  the  surround  according  as  the 
particle  has  higher  or  lower  light  transmission  than  its  surround.  Except 
for  the  fact  that  the  energy  density  of  the  C  region  is  proportional  to  the 
energy  transmission  of  the  conjugate  area  of  the  diffraction  plate,  the 
C  region  is  unaffected  by  a  Zernike  system  of  phase  microscopy.  All 
three  regions  are  predicted  by  the  general  theory,  but  only  the  A  region 
together  with  the  region  of  the  surround  is  predicted  by  the  elementary 
theory  of  phase  microscopy.  Experiment  indicates  the  existence  of  all 
three  regions  in  the  image  of  relatively  large  particles.  The  system  of 
microscopy  described  by  Dyson  (1949)  is  a  method  for  avoiding  the 
C  region. 
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16.  CRITICAL  VERSUS  KOIILER  ILLUMINATION 

Phase  microscopy  occurs  in  a  Zernike  system  whether  the  microscope 
is  adjusted  for  Kohler  or  for  critical  illumination.  The  following  simple 
considerations  indicate  that  it  is  remarkal)le  that  the  two  systems  of 
illimiination  should  produce  under  any  circumstances  similar  contrasts 
in  the  image.  In  Kohler  ilhunination  the  coherent  light  from  a  point 
in  the  condenser  diaphragm  emerges  from  the  substage  condenser  as  a 
substantially  plane  wave  which  extends  over  the  entire  object  plane  and 
which  subsequently  forms  in  the  image  plane  an  "Abbe"  picture  of  the 
entire  field  of  view.  The  complete  picture  of  the  object  is  formed  by 
the  superposition  of  the  Abbe  pictures  produced  by  the  light  from  the 
various  points  in  the  opening  of  the  condenser  diaphragm.  On  the  other 
hand,  with  critical  illumination,  the  coherent  light  from  a  point  in  the 
source  is  focused  in  a  highly  localized  manner  upon  a  small  portion  of 
the  object  plane.  The  object  plane  is  the  scene  of  a  localized,  circular 
diffraction  image  of  the  point  in  the  source.  This  diffraction  image  is 
reprojected  by  the  objective  into  the  plane  of  the  eyepiece  as  a  mod- 
ulated, but  still  localized,  diffraction  image  of  the  point  in  the  source. 
Consequently  the  image  of  the  object  is  constructed  in  a  piecewise 
manner  by  the  light  emanated  from  the  various  points  in  the  source. 

Some  consideration  will  show  that  the  elementary  theory  of  phase 
microscopy  does  not  apply  to  critical  illumination.  Suppose,  for  ex- 
ample, that  the  object  is  a  ruled  grating.  Since  the  coherent  light  from 
a  point  in  the  source  is  concentrated  upon  one  or  more  of  the  rulings 
and  not  upon  all  of  the  rulings,  the  deviated  and  undeviated  waves  which 
leave  the  grating  will  be  vastly  different  from  the  case  of  Kohler  illumina- 
tion. Hence  the  usual  simplified  vector  models  for  phase  microscopy 
fail. 

A  general  theory  for  phase  microscopy  with  critical  illumination  can, 
however,  be  formulated.  This  theory  shows  that  the  total  energy 
density  in  the  image  plane  can  become  similar  with  critical  and  Kohler 
illumination  provided  that  the  source  of  illumination  is  broad  and  fairly 
uniform,  provided  that  a  large  field  of  view  is  illuminated,  and  provided 
that  the  speeds  of  the  lamp  and  substage  condensers  are  high.  These 
conditions  are  well  fulfilled  in  the  normal  usage  of  a  microscope.  To 
the  extent  that  one  or  more  of  these  three  conditions  are  violated,  phase 
microscopy  with  critical  and  Kohler  illumination  will  produce  different 
distributions  of  energy  density  in  the  plane  of  the  image.  The  fact 
that  the  phenomena  of  phase  microscopy  are  not  necessarily  similar 
with  Kohler  and  critical  illumination  is  an  advantage  rather  than  a  dis- 
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advantage  because  the  versatility  of  the  phase  microscope  is  thus  in- 
creased. That  the  appearance  of  the  image  becomes  similar  with  critical 
and  Kohler  illumination  when  the  above-mentioned  conditions  are  ful- 
filled can  be  verified  by  introducing  a  rib))on  filament  illuminator  and 
adjusting  the  phase  microscope  for  critical  illumination. 
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Out-of-focus  planes,  243,  244 

Paints,  229 
Paper,  231,  232 
Paraffin,  223,  224 
Parallax,  78 
Paramecium,  186,  206 
Parasites,  220 
Particle  size,  182 

visibility,  1 
Particles,  having  absorption  only,  53 

in  large  fields  of  view,  282-285 

isolated,  285-287 

large,  128,  287,  288 

more  than  one,  33,  65 

of  periodic  structure,  33-36,  264-281 

jjlate-like,  262-264 

stained,  61-64 

unstained,  50-51 
Pathology,  220 
Pearlite,  233 
Pediastrum,  205 
Pharmaceuticals,  228 
Phase,  15,  37 

variable,  155 
Phase  advance,  15 
Phase  condenser,  115 

long  working  distance,  127 

mounts,  115 
Phase  contrast,   color  in  image,  89,  96, 
165 

neutral  image,  89,  105 
Phase  microscope;  see  Microscope 
Phase  objectives,  113 
Phase  plate;  see  Diffraction  plate 
Phase  retardation,  15 
Phase  transmission.  A,  44,  48,  263 

S,  46,  47,  48,  251,  252 
Photomicrography,  186 

exposure,  188 

high-speed,  187 
Photomicrography,  stereo-,  189,  190,  230 
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Phycomyces,  194 

Physiology,  219 

Pigments,  229 

Piston  ring  replica,  175 

Plastic  films  for  diffraction  plates,  92 

Plastics,  231 

Fneumococcus,  196,  201 

Polanret  systems,  156 

Polarized  light,  188,  225,  227 

Polishing,  glass,  230 

metal,  233 
Polonium,  218 

Preparation  methods,  172,  194 
Primary    diffraction    integral,    241-245, 
250,  252-254 

transport  property,  254-255 
Protozoa,  206 
Pupil  coefficients,  269 
Pupil  function,  243,  246-251 

afocal,  243,  244,  249,  261 

Airy  type,  252 

discontinuities  of,  283 

effect  on  resolution,  270,  271 

paraxial,  249 

uniform  alteration  of,  269 
Pycnonecrosis,  222 

Radiation,  effects,  219 
Radiation  tracks,  217 
Radioautographs,  217 
Ray  tracks,  217 
Rayon,  235,  236 
Refractive  index,  225 

determination,  177 

of  media,  177 

of  organism,  194 

of  materials,  195,  215 
Regions  of  contrast,  A  region,  289 

B  region,  294 

C  region,  294 
Reichert  Company,  114,  119,  123 
Replicas,  174,  175,  216,  231,  233 
Resolution,  187 
Resolving  power,  77 

Airy  limit,  67,  68 

effect  of  diffraction  plate,  67-74 

for  periodic  structure,  270 

formulas  for,  268 

physical  limit,  268 
Resultant,  15,  24 


Retardation,  9 
Reticulocytes,  213 
Rhizobium,  201,  203 
Rhodoniicrohium,  203 
Rickettsia,  201 
Rotocompressor,  172 
Rubber,  234 

Salamandra,  211 

Schlieren  method,  29,  30,  55 

Sea  urchin  egg,  194 

Silica,  184,  227 

Silica  phyllite,  225 

Slides,  172 

Soap,  235 

Sol-gel  reversal,  219,  225 

Spectral  orders,  35,  268,  269,  271,  277- 

279 
Spermatozoa,  211,  220 
Spirochete,  196,  198,  215 
Spirogyra,  204 
Stains,  199 
Starch,  228 
Steel,  175,  233 
Stentor,  194 
Step  function,  78 
Stereoscopy,  190,  225,  230 

crystals,  223 

surface,  glass,  230 
Surfaces,  175,  216,  229,  230 

roughness,  234 
Suspensions,  181,  229 
Syphilis,  198,  215 

Telescopes,  centering,  127 
Terminology,  11 
Testis,  192 
Textiles,  235 
Tissue  cultures,  215 
Tissue  examination,  174,  209,  214, 
218 
sections,  embedded,  229 
Tooth,  194,  216 
Tradescantia,  206 
Trematodes,  207 
Trichomonas  vaginalis,  206 
Trypanosomes,  192,  194,  220 
Tuberculosis  bacteria,  200 
Tumors,  192,  220 
Tyrofusine  KA,  173 
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Ultraviolet  and  phase,  150,  168 
Undeviated  wave,  17,  18,  27,  34-36,  42- 

46.  54,  282-283 
Uniformly  altered  higher  orders,  271-275 
Unpolarized  radiator,  241,  245 
Urine,  192,  219 

Vacuum  evaporation  of  diffraction  plates, 

90 
Vaginal  smears,  219 

Vertical  illuminator,  phase,  145,  229,  231 
Virus,  201 
Vision,  1 
Vital  staining,  193 

Wave,  14 

D  wave,  19,  20,  22 
P  wave,  19,  20,  22 
S  wave,  19,  20,  22 


Wave  fronts,  42 

incident,  42,  43 

inclined,  42 
Wavelength,  14 
Wax,  229 
Wild  Surveying  Instruments  Supply  Co., 

114,  117,  118 
Winkel,  G.  M.  B.  H.,  114,  119 
Wood,  216,  229 
Wool,  235 

Yeast,  183,  194,  203 

Zeiss,  5 

Zeiss,  Jena,  114,  122,  124,  127 
Zeiss-Winkel  (see  Winkel) 
Zeriiike  system,  269,  295 
Ziehl-Neelsen  stain,  184,  199,  200 


